CAE AANM AHN ANTES, 
PRONE ERAN NAB ON, 
RO Ree ica Se ara 
entire oer 
=D Tan ae wa ES . SNL APMIS a nem re Dnt Set nN Se a el Rater 
Rate a awe eS ee eee ets eee ty peter Hee: 
scan 2 - " = po het wetness : z ° Siete wich EE Ne eT te 
ards ER x . > - reas ananeSanscP eth Ge “ Eden Fc ri Pte Bre CN ie er ORR ere Re eee Mat PBT Mie So 
a , 2 Rena Rut ate Tea ain Pe ART ta Tag RAMA ey ae a NMR dt Rand RAC re eT Naa G 5 ata Fn tn thn saa Hawn Saat! 
" SA PES ae RP whe ha eat a ANTE RH a Sn al AI Dn NOP NAR PO : ik oe ‘ 
Sa Beate ar? tare Se gente A 
Fl aR PP a in ann 
ain 
eae toratate Seb ieacrane Pn flea oP wr 

ee SIL Al Tien alia alo ala 
ene cha Sw otha aaa tate tele ay at 


Se eee aR Ping PRIM as Nan en aL 
RaPn 9S at a ie NAIR En NE AE ae Ne dt a a Ta Far NO a ie he atest 
Ca as sl a ain ar a - Pie deaeneeiieren titel ies por 


ia atta 
ee a aurea anes aPC 
aa AM he oat 


2 SEA ec 

Sears ‘vat ‘ = c =a Ns a Pra! fechas Sana TON Fa Ea ta NS hi at am al tw vo a f ented Sieerkseele atone 
AE a LAL ath ee eal Mel 4 a a a Ms “ Fai ss - ~ 

Rees leer Ee mee a : Bae ae pee estrone naan 

eee : : as 7 


Ae ie eT Se IRIN SAO 
ac a a iar 


SRE TN TE i NT : : 5 
Sse s 4 = S : 5 inne % = eelciee ar iieat teas metal ai Patcce 
Jahan ‘ : aFial a eat A 
see , Niet apt Mae an a r 
SFB TNS ar ith at 
inerrant wr ethan a Peart oe 3 2 E Fo ene 3 atatel 
"ina aE Pe! jars i AI Fare ie a Pat IAS a RR i Ne a ahs i : is “i Batre ate oo Oe PE SET 
acne ected ehisint aeeeae etnias edit teeter tet ; 2 f on" z ee es 
; Seti Beara i: 
Pathe ek ML RI a a Let 
ad at OP ato 
BaP a Ni ne NS 
aa nh atta ts ea nar ee pee evs 


ne Al OS a Nt Na at RON 


Ui a NA tl NN 
Seer 


adasicaared 


See tees 


ae Se ee 
Me een 


» 
= =f 


Digitized by the Internet Archive 
in 2023 with funding from — 
University of Toronto 


https://archive.org/details/31/61114838931 


é 


F i R 


CGoverumens 


Publi & Fivveye 


GEOTECHNICAL STUDIES OF PERMAFROST IN THE 


FORT GOOD HOPE-NORMAN WELLS REGION, N.W.T. 


by 


R.M. Isaacs 
Geological Survey of Canada 
Department of Energy, Mines and Ressources 


for the 


Environmental-Social Program 
Northern Pipelines 


1974 —N. 
: TF nh’ > 
<x p ep fare o my i - 

“Ny Uy, oe 

NGS an 9 

‘ IS, Pat a 

i n\ fy / ‘y fi. BS 
nvironmental-Social Committee Information Canada 
Northern Pipelines, Cat. No. R57-12/1947 

ask Force on Northern Oil Development QS-1581-000-EE-A1 


eport No. 74-16 
ji 


The data for this report were obtained in part as a 
result of investigations carried out under the Environmental- 
Social Program, Northern Pipelines, of the Task Force on Northern 
Oil Development, Government of Canada. While the studies and 
investigations were initiated to provide information necessary 
for the assessment of pipeline proposals, the knowledge gained 
is equally useful in planning and assessing highways and other 
development projects. 


Ths 


TABLE OF CONTENTS 


Summary SHOR. OS) 8) 0 0501050) 81050) (0) (078) (0) (01.016), 0 616 0) (0) 0.01.6) ©) O00 .070 1616161 0.6 0) 6166, 610166616 eles 6 


Introduction eoeoeeeeeeee eee e ee ee eee eeeeereeeeee ee eee eeene 


mesh 


Lae 


ars} 


Come entmet ace sore know led C612.t, 1% toes ste 6.0 s\a ie oes ere sieeeiere oie eee eles 
Study area eoeeeeeveeeeeeeee eee eee eee eeeeeseeeeeeeseeeeeeeeeeeeeee 


Methods and sources of data <2. e.<<s. 


Soul 


ee 


re, 


DEScUSSION Of sTESULTS ‘ic cis celstaneretesete 


6a0 


Gaz 
6235 
6.4 


6.5 


6.6 


Generatenaturesand scoperor study =». <i .t es eons 


Special objectives eooeoeeeoeeeeseeeeeeeeeeeeeeeeeeeeeeveee 


General relationship to pipeline development ......... 


Field techniques eoeoeoeveoeeeeeeeeeseeeeeeeeeeeeeeeeoeeeeeee@ 


Experi Mencale GeEChnrdues arate stsrc citer ereiess 6 bielsielctevers cis tecctern ae 


Data analysis eeeeoeeseeeeeeeeeeoeeeesteeeseeeeeeeeeeeeeeeeeseee @ 


Distribution of soil types and ground ice in terrain 


units eeoeeoeeoeeeeeeeeeeeeeeeeeeeeeeeeeeeeeteeeeeeeeeee eee 6 


Ground temperatures @eeeeoee0eoveeeeeeeteeseeeeeeeeeeeeeeee eeeee 


Thermal conductivities eseeeoeeeeeseeeesteesoeeeeeeeeeeeesee @ 


Thermal diffusivities eoeoeveereeeceeoe eee eee eee eee eee eeeee 


Volumetric specific heats and unfrozen water 


contents eeoeoevoeveevevoeeeeeeeveeeeeeeeeeeeeeeeeeeeee see ee ee 8 @ @ 


Mathematical simulation of aggradation and 


degradation of permafroSt .esesevecesvecceresccevsccees 


The Canol Road escoevoeoovoevsevoeveeceseeoe eee eeeseeeseeveeeeeeeeeeeeeeeeseeeee ee @ 


ak 
Vad 
URS) 


7.4 


History eesoeevoeveeve0ee2e0e2e0e2828202 Pe ©Ceeeeeseeeeeveeeeeeeeeeeeeeeeeee 


Expected effects of road construction .eerereeeeeseees 


Investigation in 1972 wocsecssecccveececcceesesevssens 


Geothermal model studieS ..cceeevereevvevsvecvevers 


Page 
1 


if 


10 


12 


Le? 


Slee is ee 


Page 

7.5 Discussion of 1973 investigations ....... See ee eee etelaresst a 

7,6: Possible heat convection. processes: wise. .sic es cele «eee ee 39 

PF ACONCIUSLONS tees case es 6 ete wie ie eiecawet a ota ahah seovetcl o arene nner ccets 40 

Bet WCONEE US LONE Crete aia ies 6a alain weet ale fetal st Vallee tenet cere KE ees 40 

9. Implications and recommendations ............-. mac ekeheis e pheretele tel itera es 42 

Jed FIMpPLICatsOnss5 .45.0 daw anc erates were es a tuli a. ote 6 gate aie ee 42 

9,2 RECOMMENUALIONS ss2 4a sea coe wale need eer ere ree 43 

10. “Researeh. recommended 2c « s/c ssw wievero aie ios 0 erate inicio ain ororere tere anere remetans See LS 
LES | GLOSSALY (cd caw 64 as Ob Re ee ea yaa ee ee ee ee ee eee scereresede oe eee 
123, (LISt Of CONVEESIONS: sé. aisive «ua eis sic wicie.s arse me retsi eeu ae meee ee 46 
13. Acknowledcencnts 7.2.05 5 sewn ee sera lelahain ence ects et tencuenals rere ee 47 
14. -Referentes) 45a5,ccscswwe eee saw eee ee eee ee ree Ae Oe ite 
UiSUCeS: Bi ews sarees oe uis Sue eee es bisa on 0 Seaaicieceerare oie eee eee 51 

J) eh Se ee eee eee ee Per errr er rele ne eo 76 

APPENG IR Ee sale Peds dod Sa ee Cae paw er citnen ss Rene en ee 81 


ee 


ILLUSTRATIONS 

Figure 1 Thaw settlement vs. frozen bulk density relationship 

Figure 2 General location-physiographic divisions 

Figure 3 Locations of drill holes 

Figure 4 Locations of 1972/3 drill holes 

Figure 5 Monthly temperatures for (1972), Site DH-1-71 

Figure 6 Thermal profile (1972), Site DH-1-71 

Figure 7 Monthly temperatures for 1972, Site DH-4-71 

Figure 8 Thermal profile (1972), Site DH-4-71 

Figure 9 Thermal profile (1972), Site DH-2-71 

Figure 10 Thermal profile (1972), Site DH-3-71 

Figure 11 Thermal profile ('72-'73), Site GL2U 

Figure 12 Thermal profile ('72-'73), Site TL 

Figure 13 Thermal profile ('72-'73), Site GLl 

Figure 14 Monthly temperatures (1972-73), Site GL1 

Figure 15 Thermal profile ('72-'73), Site SA 

Figure 16 Thermal profile ('72-'73), Site 7B 

Figure 17 Modified thermal profile assumed 

Figure 18 Assumed configuration of road 

Figure 19 Calculated depth of thaw 

Figure 20 Thaw configurations for R-1 interpreted from 
computer analyses 

Figure 21 Profile constructed fromdrilling results, Site GL2U 

Figure 22 Measured temperature profiles, Site GL2U 

Figure 23 Unfrozen water content as percentage of total water content 
vs, temperature 

Figure 24 Profile constructed from drilling results, Site HL 


Figure 25 Thaw configuration around warm pipeline 


-iv- 


TABLES 
Table I Thermal conductivity values at one approximate temperature 
and associated water contents, grain sizes, and Atterberg 


limits 
Table II Thermal conductivity values at several temperatures 


Table III Thermal parameters assumed in model study 


APPENDICES 
Appendix I Stratigraphic and physical data 
Appendix II Thermal conductivity vs. moisture content 
In situ thermal diffusivities 


Calorimetric test results 


A SUMMARY 


Three terrain types, glacial tills, alluvial, and glaciolacustrine 
deposits, which have been classified principally on the basis of their 
genesis, morphology, and constituent materials, have been investigated 
and each map-unit has been found to be variable with respect to soil 
types. Considerable ice (>20%) was found in each of these units, 
particularly in the alluvial and glaciolacustrine deposits; high ice 
contents in the tills were restricted to the upper 5 metres (16 feet). 
Burial of a hot pipeline, therefore, is considered inadvisable in the 
alluvial and glaciolacustrine deposits and in most areas with till 
deposits; burial of a chilled gas pipeline may be acceptable depending 
on the topography, time of construction, moisture supply, and the time 
interval between construction and the beginning of transmission of 
chilled gas. 


Due to recent climatic trends, ground temperatures in the upper tens of 
metres generally were warmer than expected from records of temperatures 
at depth, but permafrost was found at every drilling location except in 
disturbed or recently infilled areas. Limited data indicate that 
thermal conductivity values of permafrost samples vary anomalously with 
moisture content and are generally quite low. As anticipated, consid- 
erable proportions of the moisture in fine-grained frozen soils exist 
in the liquid phase even at fairly low temperatures, reducing the 
amount of heat required to cause thawing. 


Even when the above factors are taken into consideration, the finite 
element program, developed by the Computer Science Centre (Department 
of Energy, Mines and Resources) and based on the assumption that heat 
transfer may occur by conduction only, underestimated the considerable 
depths of thaw that could be generated by the change in the mean annual 
ground surface temperature due to construction of a road. The hypoth- 
esis was developed, therefore, that heat transfer by convection into 
the permafrost was possible, considerably increasing the rate of thaw. 
The implications of greater settlement and risk of instability are 
pointed out. Considerable additional research in specific areas is 
recommended, in particular,the rate of thaw beneath roads constructed 
on permafrost and the effect of thawing and consolidation on shear 


strength. 


Zs INTRODUCTION 
Papal GENERAL NATURE AND SCOPE OF STUDY 


"Permafrost, or perennially frozen ground, is defined exclusively 
on the basis of temperature and refers to the thermal condition 
of earth materials such as soil and rock when their temperature 
remains below 32 F continuously for a number of years. Permafrost 
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includes ground which freezes in one winter, remains frozen through 
the following summer and into the next winter. This is the 
minimum limit for the duration of permafrost." (Permafrost Map of 
Canada, 1967). 


Any changes to the existing thermal regime brought about by engineering 
activities or by climatic changes cause changes to the ice-water 
proportions of frozen soils, and in certain cases affect the physical 
behaviour of the soils and the stability and integrity of engineering 
structures or slopes. 


The basis of the project is the study of permafrost in its natural 

state so as to explain its present behaviour, and by observing its 
response when subjected to field disturbances and laboratory tests, to 
develop a rational quantitative method of predicting permafrost behaviour 
when affected by engineering construction or other changes in conditions. 


Lie SPECIAL OBJECTIVES 

These include: 

(a) the characterization, in engineering and cryogenic terms, of the 
principal soils that comprise the main terrain units which have been 
classified principally on the basis of their genesis and morphology; 

(b) the relation of standard index properties of soils to their thermal 
parameters of conductivity and diffusivity with the intention of develop- 
ing a method of deducing thermal behaviour of soils from standard 
engineering tests; 

(c) the development of mathematical models relating engineering perfor- 


mance of the terrain to properties of the soil material. 


Pape GENERAL RELATIONSHIP TO PIPELINE DEVELOPMENT 


Hames ya | Problems Associated with Pipeline Development 


Changes to existing thermal regimes will be the prime cause of 
engineering geology problems connected with pipeline construction and 
integrity. These changes will be the result of investigation and 
construction activities and of pipeline operating temperatures 
(Lachenbruch, 1970; Isaacs and Code, 1972). 


2.3.1.1 Investigation and Construction activities 


The initial changes caused by investigation and construction can be 
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divided into three classes: (a) changes in the vegetation cover, (b) 
changes in local relief, and (c) changes in drainage. 


The first of these, changes in the vegetation cover, is associated with 
removal of timber and removal of or damage to the moss or tundra mat, 
including damage caused by vehicular movements. Vegetation removal 

or damage permits an increase in incident solar radiation, a change in 
albedo or reflectivity of the surface, and alterations in: (a) the 
thermal conductivity and diffusivity of the tundra mat by compressing 
or damaging it, (b) the rate of evapotranspiration, (c) the accumulation 
of snow, (d) drainage patterns, and possibly in (d) evaporation due to 
shifts in wind directions. 


The overall effect of vegetation cover removal or damage is to produce 
an increase in mean annual ground surface temperature resulting in a 
deeper active layer and in some cases, massive or complete degradation 
of the permafrost. This may be accompanied by settlement, ponding, and 
erosion, with the degree of damage being a function of temperature 
increase, existing thermal regime, soil type, moisture content including 
ground ice content, shape of the thawed zone, topography, and rate of 
vegetation regeneration. 


Changes in local relief such as those caused by grading, excavating, 
embankment, and road or airfieldconstruction may be accompanied by 
changes in exposure affecting incident radiation, snow accumulation, 
drainage, and possibly air currents affecting evaporation. 


The effects of alterations to local relief are functions of the type, 
orientation, and extent of the activity, changes in the mean annual 
ground surface temperature, soil type, moisture content, existing 
thermal regime, and geographic location. As road building entails the 
removal of trees and the removal or covering over of the moss or tundra 
mat with granular fill, the main effect is similar to that outlined 
above for vegetation cover damage. 


Changes in surface drainage may result from changes in vegetation and 
local relief and from the effects of changes in the mean annual ground 
surface temperature and of pipeline temperatures. Draining existing 
ponds or intercepting existing drainage systems changes the hydrologic 
regime in the area, may cause erosional problems, and affects the 
thermal regime. Ponding of water results in an increase in absorption 
of solar radiation, increases the temperatures in the underlying soil, 
and may cause thawing of the frozen banks and of the underlying perma- 
frost. 


2.3.1.2 Pipeline temperatures 


The first comprehensive treatment of the possible thermal effects of a 
heated pipeline in permafrost was published by Lachenbruch (1970) and 
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is the basis for most of the following comments: 


(a) If heat transfer by convection occurs, the amount of thaw incurred 
will be several times that calculated using the conductive theory only. 


(b) If the sediments possess excess ice and, when thawed, low hydraulic 
conductivity (permeability), a semi-liquid slurry may form which could 
exist for years. Because of the slow dissipation of pore pressure, 
shear strengths could be low and depending on the slope of the hill and 
the dimensions of the thawed volume, could permit flow downhill, thus 
endangering the pipeline. 


The pipeline may settle considerably if the shear strength of the thawed 
soil is sufficiently low. Downward movement of the pipeline will, of 
course, increase the rate of thaw. 


(c) Differential settlement of the pipeline may occur under several 
conditions: (1) where the pipeline passes from a "stiff" material into 
a thawed slurry, (2) where lateral differences in porosity, moisture 
content, and thawed shear strength exist, and (3) where the pipeline 
passes across ice wedges or masses which thaw at different rates than 
the surrounding sediments. 


Depending on the amount of differential settlement and the length of 
pipeline over which it occurs, severe stresses may occur in the pipeline. 


(d) Where the pipeline crosses saturated or oversaturated sediments, 

a depression will form over the pipeline. If the depression is 
discontinuous, a series of ponds may develop which could, by increased 
absorption of solar radiation, enlarge their banks by thawing the ice- 
rich permafrost. Draining these ponds may remove the buoyant forces on 
the pipeline and possibly lead to severe stresses. If the depression 
is continuous a stream channel could develop, altering the drainage and 
hydrologic regime of the surrounding area. Erosional problems also may 
occur. 


(e) Loosely packed, saturated sands and silts, either occurring 
naturally or developing due to thawing, may liquefy when subjected to 
natural or man-made vibrations. 


(f£) Heat from the pipeline may affect the surface and plant-root 
temperatures over a limited width, may reduce drastically the accumula- 
tion of snow, and may cause local ground fog to form. Depending on the 
inflow of water and the permeability of the overlying sediment, the 
depression that may form over the pipeline may be wet or very dry. 


Operation of a chilled gas pipeline below 0°C could cause problems of a 
different type: 


(a) The pipeline may act as a focus for the growth of ice lenses, 
depending on the soil type in which it is embedded and the availability 
of moisture. This may result in a jacking action on the pipeline as 
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well as the creation of a barrier to groundwater flow. The barrier 
could modify the hydrologic regime in the area and perhaps cause a 
serious ground-icing problem in the winter and ponding and thawing in 
the summer. 


(b) A chilled pipeline may cause freezing and damming of effluent 
groundwater which is necessary for the spawning of certain species of 
fish. 


(c) The low temperatures of such a pipeline may result in restricted 
stream flow developing at underwater crossings of shallow rivers. 


(d) Restriction of the active layer to less than 30 cm (12 inches ) 
will affect plant life adversely (Bliss and Wein, 1972) 


DLA eyed Research into the Problems 


The engineering behaviour of frozen ground cannot be divorced from its 
thermal behaviour. It is essential, therefore, to understand the 
thermal processes involved in determining the present state of the 
frozen ground and that which may occur when any of the operating 
conditions are changed significantly. Present research, therefore, has 
been concentrated predominantly on the thermal aspects of the engineer- 
ing behaviour of frozen ground. 


A quantitative approach is being taken in assessing the significance of 
these problems and in attempting their solution. To meet the special 
objectives listed above, the following information is being collected: 
(a) type and extent of vegetation, (b) soil type and properties, viz. 
grading, Atterberg limits, bulk density, specific gravity, (c) volume- 
tric specific heat (volumetric thermal capacity) of frozen and unfrozen 
permafrost samples at various temperatures, (d) total moisture content and 
percentages of frozen and unfrozen water content at various temperatures, 
(e) thermal conductivity and diffusivity at various temperatures, and 

(f) thermal profiles, mean annual ground surface temperatures, and 
amplitudes of the annual temperature waves. 


The significance and contribution of the above data to the behaviour 
of permafrost are explained in the various corresponding sections of 
the paper. Technical terms and ice-content rating adopted are defined 
in the Glossary. 


oe CURRENT STATE OF KNOWLEDGE 


In late 1970 when the project was initiated, systematic mapping of 
surficial geology and landforms in the Mackenzie Valley was in progress 
(Hughes, 1970). No data were available linking thermal properties to 
soil type, water content, and temperature for the terrain units. Little 
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information was available on mean annual ground surface temperatures and 
thermal profiles; only a limited amount of data had been collected on 
the engineering index properties. 


As data on the thermal conductivity of permafrost soils, either frozen 
or thawed, are not available, much less linked to the terrain units in 
the Mackenzie Valley, users generally are obliged to estimate values 
from results obtained from other soils (Kersten, 1949; Higashi, 1952; 
Penner, 1962, 1970; de Vries, 1963). 


The current approach is to use thermal properties from Kersten's 
publication (Kersten, 1949), dealing with a very limited number of soils 
which were compacted mechanically at various moisture contents and 

frozen in the laboratory. A few measurements of thermal properties of 
permafrost have been made in the last two years (Watson et al., 1973) 
but there has been no systematic approach linking thermal and engineering 
properties to the existing terrain units. 


Some engineers (Speer et al., 1973) have attempted to link settlement 
resulting from thawing to frozen bulk densities, but the data show a 
high degree of scatter (Fig. 1). 


4. STUDY AREA 


The Fort Good Hope-Norman Wells area was chosen for this research 
because a wide variety of terrain types exists in this region. The 
work was concentrated in two physiographic divisions of the Fort Good 
Hope area, namely the Anderson and Peel Plains (Fig. 2), and in the 
corresponding physiographic division of the Norman Wells area, the 
Mackenzie Plain. 


The Anderson and Peel Plains are characterized principally by flat, 
featureless plains of glaciolacustrine sediments or thin morainal till. 
A considerable percentage of the former is covered by many closely- 
grouped small lakes and traversed by river channels and erosional 
gullies. Large complex glaciofluvial deposits exist near the mouths of 
the Mountain and Hare Indian Rivers. A large esker of coarse sand and 
gravel is situated northeast of Fort Good Hope between eolian deposits 
of fine sand and silt. Bedrock consists of nearly flat-lying or gently 


folded Devonian limestones and shales and Cretaceous sandstones and 
shales. 


The Mackenzie Plain comprises deposits of morainal till, glaciolacustrine 
sands, silts and clays, glaciofluvial sands and gravels, and eskers. 
Fluvial reworking of some of these deposits has produced fans, terraces, 
and plains; eolian activity has resulted in dunes of fine and medium 
sand. Underlying bedrock consists predominantly of Devonian shales and 


sandstones on the east side of the Mackenzie River and Cretaceous shales 
on the west side. 
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The study area is approximately 200 km (125 miles) by 100 km (60 miles) 
and is depicted as being in the zone of discontinuous permafrost (Perma- 
frost Map of Canada, 1967). The amount, form, and distribution of 
ground ice were expected to vary considerably with soil type, location, 
relief, vegetation, and ground temperature. Ground temperature and 
permafrost thickness were considered to be functions of air temperature, 
soil type, vegetation cover, proximity to rivers or lakes, and exposure 
to climatic influences. 


sa METHODS AND SOURCES OF DATA 


As the information available was not of the quantity nor the quality 
necessary and was not linked to the terrain units, it was necessary to 
devise field programs which would enable the collection of these data. 
To link the data to the terrain unit, drilling was necessary. The need 
to measure thermal parameters of the permafrost soils and to obtain 
ground temperatures and thermal profiles in a permafrost environment 
meant that special drilling techniques had to be devised. Frozen core 
had to be obtained with the minimum possible physical and thermal 
disturbance and the drill holes had to have minimum thermal disturbance 
so as to allow the temperatures in the boreholes to approach equilibrium 
as quickly as possible. 


Seal Bs FIELD TECHNIQUES 


5.1.1 Methods of drilling successfully inpermafrost for the recovery 
of frozen core, in both summer and winter, have been developed and 
reported elsewhere (Isaacs and Code, 1972; Isaacs, 1973). Frozen perma- 
frost core can be brought to the laboratories at Ottawa with negligible 
changes in core temperature (Isaacs, 1973). 


5.1.2 Determinations of index and thermal properties of frozen perma- 
frost core were made in a field laboratory in Fort Good Hope and have 
been described elsewhere (Isaacs and Code, 1972; Judge, 1972; Lawrence, 


1972) 


5.1.3 Multi-thermistor cables were installed in boreholes to obtain 
mean annual ground temperatures, thermal profiles, and in situ thermal 


properties (Isaacs and Code, 1972). 


Bee EXPERIMENTAL TECHNIQUES 


5.2.1 Laboratory determinations of thermal conductivity and diffusivity 
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were carried out by the Earth Physics Branch, Department of Energy, 
Mines and Resources. 


A limited number of thermal conductivity values for different soils at 
various moisture contents and at approximately the same temperature has 
been obtained using "divided-bar" and "needle-probe" equipment in the 
field laboratory at Fort Good Hope. 


The "divided-bar" method has been described by Judge (1972) and consists 
essentially of measuring the thermal gradient across a soil sample and 
obtaining the thermal conductivity of the sample by comparing the 
gradient across the sample to the gradient across the fused silica discs 
of known conductivity at the ends of the sample. Each sample must be 
allowed to reach equilibrium before measurements are made and the entire 
system must be mounted in an environmental chamber with accurate tem- 
perature control. 


The "needle-probe" equipment is essentially a miniature version of 
that described by Lachenbruch (1957). A small diameter hole was drilled 
about three inches deep into the soil sample using a high speed 

(30,000 rpm) Dremel Moto Tool and the probe inserted. The probe 
consisted of a metal tube sealed at one end with an axial heater element 
and a thermistor placed about mid-way along the long axis of the tube. 
When the probe thermistor indicated equilibrium between the sample and 
the probe, current was passed continuously through the filament. The 
temperature increase, measured by the thermistor, was recorded as well 
as the corresponding time intervals from the start of heat generation. 
Thermal conductivity and diffusivity can be obtained from the data 
(Lachenbruch, 1957). 


There are advantages and disadvantages to both methods. Soil samples, 
particularly clays, may take substantial times to achieve equilibrium 
gradients with the "divided-bar" equipment and in practice, it has been 
difficult to limit the temperature difference between the ends of the 
samples. On the other hand, the temperature rise in the transient 
"needle-probe" method involves a latent heat component particularly 
between -2.5° and 0 C. To limit the temperature rise so as to restrict 
the latent heat factor, this equipment was modified to allow the current 
eile measured more accurately and hence to be maintained at a smaller 
value. 


Currently, the thermal conductivities of permafrost samples brought 
back to Ottawa are being determined for a variety of soil types and 
moisture contents, using mainly the "divided-bar" equipment installed 
in a cold room. The variation of conductivity with temperature is also 
being investigated. 


Hoe ae In situ Thermal Diffusivities 


Multi-thermistor cables, installed in some twenty diesel-fuel filled 


es es 


boreholes are being read at frequent intervals using a Wheatstone 
bridge that was specially designed by the Earth Physics Branch to limit 
the heat dissipated in the thermistor to ten microwatts. The associated 
low current avoids problems of self-heating and changes in calibration 
caused by higher current flows. 


The variations of temperatures with time at various depths in each 
borehole are calculated from the readings. The temperature waves at 
ground surface are, at depth, attenuated in amplitude and modified with 
respect to phase due to the thermal properties of the soil. A knowledge 
of the temperature fluctuations throughout the borehole, therefore, may 
be used to calculate "apparent in situ diffusivities". 


Leo Laboratory Determinations of Volumetric Specific Heat and 


Unfrozen Water Contents 


Volumetric specific heats, which may be used in conjunction with thermal 
conductivity values to calculate thermal diffusivities, and unfrozen 
water contents of permafrost samples currently are being determined 
using a calorimetric method. The temperature range being investigated 

is from -8 to +1 C. Permafrost samples are immersed in a silicone 
fluid at -8°C in a bucket of an adiabatic calorimeter and measured 
quantity of heat, in known increments, is put into the silicone. From 
the rises in temperature of the silicone and core, over the above range, 
specific heats and unfrozen water contents are calculated. 


Heat transfer from the bucket to its surroundings is practically 
eliminated by automatic controls on the calorimeter which keep the 
temperature of the surrounding jacket very close to that of the bucket. 

To allow these controls to function, warm and cold supplies of a 
circulating fluid must be maintained to the jacket throughout the entire 
experiment, about 200 hours. A system had to be devised that would do 
this automatically in the demanding conditions of the cold room where 

the experiment must be conducted. The experimental equipment and 
procedure are described fully elsewhere (Isaacs and Desai, in preparation). 


Aaa! Index Properties 


A considerable number of determinations of engineering index properties, 
viz. Atterberg limits, grain size distributions, moisture contents, 
specific gravities, dry densities, etc. were done on core and chip 
samples; also, a number of mineralogical determinations were done on 
selected samples by x-ray diffraction. 
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say ee Ground Temperatures 


The data currently being used to obtain values of "in situ diffusivities" 
also are being employed to develop the thermal profiles of the terrain 
units and to obtain mean annual ground surface temperature values in a 
variety of undisturbed and disturbed areas. 


das DATA ANALYSIS 


5.3.1. Laboratory Values of Thermal Conductivity and Diffusivity 


To date, thirty values of thermal conductivity of samples with known 
water contents and grain size distributions have been received from the 
Earth Physics Branch. These correspond to the same approximate temper- 
ature (-5.5°C). Table I shows the values of conductivity, related 
moisture contents and grain sizes as well as estimates of the correspond- 
ing Atterberg limits and activities. Additional data, as yet incomplete, 
are shown in Table II. No laboratory values of thermal diffusivity are 
available. 


Mineralogical identifications indicate that the composition of the clay 
minerals is constant with respect to type and percentage. Groupings of 
thermal conductivity values with their corresponding water contents 

have been made on the basis of grain sizes, Atterberg limits, and 
activities (Appendix II). 


5352 In situ thermal diffusivities 


A computer program, code-named DIFF, for the calculation of thermal 
diffusivity from temperature data collected over a considerable length 
of time was constructed by I. Crain of the Computer Science Centre, 
Department of Energy, Mines and Resources. It is based on an iterative 
method of fitting a chosen diffusivity to the equations (Carslaw and 
Jaeger, 1959; Crain, 1967), and by the method of least squares, 
comparing the calculated temperature curves for fit, in both amplitude 
and phase, to the actual smoothed temperature curves. The program then 
indicates whether a greater or smaller diffusivity should be tried. The 
Powell (1964) method of steepest descent for non-linear least squares 
is used for more efficient utilization of computer time. 


The data from the Fort Good Hope boreholes, which were collected over 

a period of about 18 months, were used to calculate preliminary values 
of "in situ diffusivities" corresponding to known depths and thicknesses 
of soil over particular temperature ranges. In the case of certain 
soils and temperature ranges, these values, of necessity, will 
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incorporate a latent heat term. In most cases extension of these 

values to other temperature ranges is dependent on the derivation of 
calculated values of thermal diffusivity from laboratory tests of thermal 
conductivity and volumetric specific heat proving correspondence with 

the in situ values over their temperature ranges. 


a Laboratory Values of Volumetric Specific Heats and Unfrozen 
Water Contents 


Development of the equipment and operational technique has taken about 

a year, beginning in December 1971, and tests on five samples currently 
are complete. The volumetric specific heats of samples above 0°c were 

calculated based on the following assumptions: 


(a) no ice exists at temperatures greater that 0°C 


(b) the latent heat of fusion of water is 79.68 calories per gram 
throughout the test range of temperature 


(c) the heat capacity values of all the sample components and their 
temperature coefficients are known 


(d) during thawing, the only process that involves a heat effect is the 
absorption of the latent heat of melting. 


A computer program has been written which, from the raw experimental data, 
calculates and plots the following if required: 


(a) variation of apparent volumetric specific heat with temperature 
(b) variation of true volumetric specific heat with temperature 


(c) variation of apparent specific heat (thermal capacity) with 
temperature 


(d) variation with temperature of unfrozen water as a percentage of 
dry weight 


(e) variation with temperature of unfrozen water as a percentage of 
total water content 


(f) variation of cumulative volumetric heat with temperature 
(g) variation of cumulative volumetric latent heat with temperature 


Some of the curves derived from the data may be used as input into the 
finite element program that was developed to investigate theoretically 
the thermal degradation of permafrost caused by engineering activities 
(Section 6.6). Other data, in particular the variation of unfrozen 
water content with negative Centigrade temperatures, are discussed later. 
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Seer Index Properties 


Engineering classification of the soils was made on the basis of grain 
size distributions and Atterberg limits. Soils in each borehole are 
shown in the borehole logs which were constructed according to the 
unified Soil Classification System; Atterberg limits, moisture contents, 
and other data are shown graphically beside the soil and ice logs 
(Appendix I). The latter have been compiled according to the NRC/CRREL 
Technical Memorandum #79 (Pihlainen and Johnston, 1963). 


The data for boreholes drilled near Fort Good Hope in 1971 (Fig. 3) and 
for those near Norman Wells in 1972 (Fig. 4) are shown in Appendix 1. 


Soi 5) Ground Temperatures 


The thermistor cables in the boreholes drilled with chilled fluids in 
1971 have been read on a regular basis since December 19713 "those 4n 

the Norman Wells region, which were put down in the spring of 1972, have 
been monitored since July of that year. As of July 1973, therefore, 
between 12 and 19 months of temperature data are available for analysis. 


Plotting of themonthly data for the 1971 boreholes, particularly for 
borehole DH-1-71, indicated that the permafrost in the upper 20 metres 

(55 feet) may be considerably warmer than the temperatures at depth 

implied (Fig. 5). The mean annual temperature at each thermistor level 
was calculated and annual temperature profiles for each borehole were 
constructed (Figs. 6, 8, 9, 10). In cases where there were no 

thermistors at ground surface, extension of these profiles to the 

surface yielded approximate values of recent annual ground surface tempera- 
tures. 


Gi DISCUSSION OF RESULTS 
Oral DISTRIBUTION OF SOIL TYPES AND GROUND ICE IN TERRAIN UNITS 


One Glacial Till 


The following boreholes were drilled in glacial till units: 


SS-2-71, WD-4-71, WD-5-71, WD-11-71, DH-2-71, R-1, MV, SD, and 7B 
(see Figs. 3, 4, and Appendix I for explanation of terminology). 


as following are tentative conclusions based on the data from these 
oles: 
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(a) The tills in the Fort Good Hope area appear to be considerably 
coarser than the tills close to Sans Sault Rapids, that is, on the 
south side of the glaciolacustrine deposit. 


(b) For the Fort Good Hope tills, the more clayey zones which occur 
near the surface exhibit the Vr type of ice while the ice in the coarser 
zones containing GM, SP, and GP soils was classified as being of the 
Nbn type. Excess ice (not visible) was present to about the 4-metre 
(13-foot) depth in the more clayey soils. Peat cover for the borehole 
on the east side of the Mackenzie River was very thin but was moderately 
thick at the drill site on the west side. 


(c) Peat cover in the boreholes near Sans Sault Rapids varied from 30 to 
180 cm (1 to 6 feet). In each case there was a 60 to 170 cm (2 to 5.5 
foot) thick layer with considerable visible ice beneath. Below this 
organic zone, the soils were generally clays or clayey and ice type 
varied from Ice and Soil through the entire range to NE. High ice 
concentrations (>20Z), however, appear limited to the upper 5 metres 

(16 feet). 


(d) Two boreholes, MV and 7B, were located in glacial till on the east 
side of the Mackenzie River in the Norman Wells area. There were two 
others, similarly located on the west side, but one of these was in the 
thawed zone beneath the Canol Road. As all these holes were drilled 
primarily by chip drilling, permafrost ice types could not be identified 
correctly and ice-type logs could not be constructed. 


Generally the tills on both sides of the Mackenzie River in this region 
appear to consist predominantly of clays and silts with some gravel. 

At borehole 7B, however, beneath 3 metres (10 feet) of a highly plastic 
clay, there was considerably more sand and gravel in the silt till than 
at other locations. As shown in the boreholes, the depth to the shale 
bedrock underlying the till on the east side varied from 6 to 7 metres 
(20 to 25 feet). 


From field observations, the organic silts and clays near the surface 
and the soils immediately beneath contained considerable ice. During 
drilling substantial ice was observed to a depth of about 3 metres 
(10 feet). 


(e) In the tills of the Norman Wells, Sans Sault Rapids, and Fort Good 
Hope areas, the moisture contents below the 5-metre (15-foot) depth 
were commonly low, in the order of 15-20% in clayey soils and less in 
more granular soils. 


In summary, the soil types within the tills are variable in the study 
area but appear to be more clayey in the Sans Sault Rapids and Norman 
Wells regions than near Fort Good Hope. Considerable ice may be 
encountered in the upper 5 metres (15 feet), particularly if there are 
upper layers of organic silts and clays, and even more so if there is 
considerable peat cover. Beneath the 5-metre (15-foot) depth, the 
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moisture contents are low, generally less than 20%, and ice normally 
occurs as thin partings, individual ice inclusions, or is not visible. 


Additional information from drilling done in 1973 (P.J. Kurfurst, pers. 
comm., 1974) indicates that areas of till may exist between Tsintu 
River and Fort Good Hope and between Snafu Creek and Chick Lake (Fig. 3) 
where the upper 3 to 3.5 metres (10 to 12 feet) consist of a silt or 
silty sand and possess very low ground-ice contents (<10Z). 


Gia dhe Alluvial Deposits 


The following boreholes were drilled in alluvial deposits commonly over- 
lying glaciolacustrine deposits: 


SS-4-71, SS-5-71, SS-6-71, SS-7-71, SS-8-71, SS-9-71, DH-3-71, 7D 
(see Figs. 3, 4, and Appendix I). 


On the basis of information from these boreholes, the following 
tentative conclusions were drawn: 


(a) Peat cover varied from nil,as in the case of a recent infilling of 
a lake (SS-9-71), to 180 cm (6 feet). 


(b) Generally soils of the CL or OH type overlay coarser-grained soils; 
these clays, immediately below the peat cover, commonly possessed 
considerable ice (>20Z) as do coarser silty soils. 


(c) The void spaces in the alluvial terrace gravels (DH-3-71) appeared 
to be completely filled with ice. 


(d) In SM type soils, ice commonly was of the Nbn or Vr type while in 
CL or OH soil types, it was Nbe, Vr, Vs, or Ice and Soil. 


(e) Excess ice (not visible) was logged as occurring to the 5-metre 
(15-foot) level but may occur to greater depths; the log for DH-3-71 
shows moisture contents greater than the liquid limit at the 1l-metre 
(35-foot) depth. 


In conclusion, therefore, in alluvial deposits there are usually layers 
of clay (CL or OH), generally with considerable ice (>20Z), overlying 
coarser-grained deposits (SM, SP-SM, SP, GW, GP, ML). If the under- 
lying soils are silty, they will have much excess ice, but moisture 
contents (non-visible ice) greater than the liquid limit may be possible 
at depths to 11 metres (35 feet) in the clays beneath the coarser- 
grained deposits. 
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O.l.5 Glaciofluvial Deposits 


Only one borehole, SS-3-71 (Appendix 1 and Fig. 3), drilled to a depth 
of 2.5 m (8 feet), was in a deposit classified as glaciofluvial. As 
the vegetation was badly damaged by fire and as drilling occurred quite 
late in the year, no permafrost was detected in the hole. 


Due to disturbance, any permafrost would have been quite warm; since the 
soil beneath the shallow, clayey silt cover was a gravel-sand-silt 
mixture, moisture contents probably would have been quite low. If 
permafrost were present, the ice-type probably would have been Nf and 
difficult to detect under these conditions. 


oe ee Glaciolacustrine Deposits 


6.1.4.1 The following boreholes were put down in glaciolacustrine 
deposits in the Sans Sault Rapids-Fort Good hope areas: 


SS-1-71, WD-1-71, WD-2-71, WD-3-71, WD-6-71, WD-7-71, WD-8-71, WD-9-71, 
WD-10-71, DH-1-71, DH-4-71 (see Fig. 3 and Appendix 1). 


A survey of the drill logs indicates that these deposits are variable 

in texture and consist of silty sands, clayey sands, silts, clays of 

low to medium plasticity, clays of high plasticity, or any combination 

of the above. Borehole WD-8-71 was located in silts and clays of low 

to medium plasticity, while borehole DH-4-71, situated only 50 metres 
(160 feet) away, below the 2-metre (6-foot) depth was in a sequence of 
clays of high plasticity and of low to medium plasticity. The occurrence 
of ice also varied from almost no ice being visible until the 8 metre 

(25 foot) depth in WD-8-71 to considerable ice (>20%) being present 
throughout in DH-4-71. 


The amount of ice in DH-4-71 and in other boreholes such as WD-6-71 and 
WD-9-71 is difficult to explain if they are considered to be representa- 


tive of the terrain in which they are drilled. As WD-8-71 was so close 

to DH-4-71 and yet so different in soil type and ice content, it seems 

reasonable to assume that the moisture at DH-4-71 and similar boreholes 

was extracted from the surrounding soils; this is a localized occurrence 
and probably due to different rates of freezing. The mechanism of this 

hypothesis is not understood fully as yet. 


A study of the borehole logs indicates that excess ice (non-visible) may 
occur even to the 27-metre (90-foot) depth, and moisture contents greater 
than the liquid limits may exist as deep as the 20-metre (65-foot) level. 


Thicknesses of peat at boreholes varied from zero to about three metres 
(10 feet) and in certain cases wereintermixed with silt. Moisture 
contents in the peat were very high as was expected, and ice types 
ranged from Nbn to Vs. 
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Most of the clays in this area are of low to medium plasticity, the 
exception being at DH-4-71 where considerable clay of the CH type is 
present, The assumption cannot be made, however, that the quantity of 
ice at DH-4-71 results from the presence of highly plastic clay for 
several boreholes with CL type clay possessed even more ice. 


As the activity of a soil (i.e., the ratio of the plasticity index to 
the clay fraction expressed as the per cent dry weight of the less than 
2u fraction) bears a general correlation to the clay-mineral composi- 
tion (Gillot, 1968), it has been used as one of the criteria for soil 
comparison in the discussion of thermal properties. X-ray diffraction 
results indicate that the proportion of the clay mineral types for these 
soils is fairly constant at about 53% illite and 47% chlorite. The 
scatter in the activities therefore is probably indicative of the 
varying quantities of non-clay minerals present in the clay-size range. 


In summary, the glaciolacustrine deposits of the Sans Sault Rapids-Fort 
Good Hope areas are variable as to soil type, ground cover thickness, 
and amount of ice present. While it is thought that local variations in 
ice contents may be functions of differential rates of freezing as well 
as of soil types and initial moisture contents, presently available 
information is insufficient to substantiate this hypothesis. 


Excess ice (non-visible) and moisture contents greater than the liquid 
limits may occur at considerably greater depths in other terrain type 
soils. 


6.1.4.2 In the Norman Wells area, the following holes were drilled in 
glaciolacustrine deposits: 


CCU, SA , GL2U, GL1, TL (See Fig. 4 and Appendix TI) 


Borehole CCU was drilled in a disturbed area. At both CCU and TL chip 
drilling was the main method of advancing the boreholes. From the 
limited data, the following tentative conclusions have been drawn: 


(a) Peat cover may be quite variable if no distinction is made between 
Swampy areas such as SA and areas at other boreholes. Outside of swampy 
areas the peat cover was found to be less than 30 cm (12 inches). 


(b) The glaciolacustrine deposits at CCU, which consist of fine sand 
and silty sand, can be delineated from aerial photographs. 


(c) Boreholes TL, GL1, and GL2U are located in terrain units classified 
as glaciolacustrine deposits of silt and clay. Drilling results 
generally agreed with the classification but at CL] detected a layer of 
sand, approximately 3 metres (10 feet) thick, immediately below the peat 
cover, The majority of the clay found in these boreholes is of high 
plasticity in contrast to clays in similar deposits in the Sans Sault 
Rapids-Fort Good Hope area. In TL and GL2U, there was an organic silt 
or clay layer about 1.5 metres (5 feet) thick just below the peat cover. 
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(d) The deposits at SA consisted of clays and clayey silts beneath 
substantial peat cover. Immediately below the peat, the soil was an 
organic clay of high plasticity similar to that at TL. 


(e) Ice type varied with the boreholes but two of the boreholes in 
frozen ground, GL1 and TL, indicated that ice was mainly of the Vr type. 
At GL2U, however, considerable quantities of Nbn, Nbe, Vs, and Ice and 
Soil types were logged. In this borehole also, very high water contents 
were found in clay samples exhibiting no visible ice as deep as 13 metres 
(43 feet). In the other boreholes, high moisture contents of soil 
samples with no visible ice were not recorded below the upper four metres 
(13 feet). 


From the very limited data, it appears that these deposits generally 
consist of clays of high plasticity with an organic silt or clay layer 
immediately below thin peat cover. In place of this organic silt or 
clay, however, a veneer of fine sand and silty sand may exist. 


Ice types varied from Nf to Ice and Soil but the boreholes were too few 
in number. to draw any conclusions regarding the main ice type. Very 
high water contents, as deep as 13 metres (42 feet) in one borehole, 
were found in samples exhibiting no visible ice. High water contents, 
other than in visible ice, appeared in the upper four metres (13 feet) 
in the other boreholes. 


6.1.5 Summary and Conclusions 


Git oettGlactal i4Lis 


The tills may consist of gravels, sands, silts, clays, or mixtures of 
these, but generally they appear to be more clayey in the Sans Sault 
Rapids and Norman Wells regions than in the Fort Good Hope area. High 
ice content (>20%) may be visible in the upper 5 metres (15 feet), but 
the moisture contents are commonly quite low below this depth (15 to 
20% in clayey soil and less in the more granular soils}. Below the 
5-metre (15-foot) depth, only small amounts of ice (<10%) are visible. 


6.1.5.2 Alluvial Deposits 


These deposits may be clays, silts, sands, gravels, or combinations of 
these soils. Considerable ice (>20%) commonly occurs near the surface. 
Moisture contents greater than the liquid limit may be encountered at 
depths up to 11 metres (35 feet) in clays underlying the coarser 
deposits. 
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6.1.5.3 Glaciolacustrine Deposits 


(a) In the Sans Sault Rapids-Fort Good Hope area, these may consist of 
silty sands, clayey sands, silts, clays of low to medium plasticity, 
clays of high plasticity, or any combination of the above. Ground cover 
thickness (peat varies from 0 to 3 metres (0 to 10 feet)) and visible ice 
contents vary from negligible to greater than 20%. Non-visible excess 
ice and moisture contents greater than the liquid limits may occur at 
considerably greater depths (27 metres (90 feet), 20 metres (65 feet) 
respectively) than have been found in other terrain types. 


(b) In the Norman Wells region peat cover is generally less than 30 cm 
(12 inches) except in swampy areas. The soils may be sands or more 
commonly, silts or clays. Clays in these deposits are generally of high 
plasticity in contrast to the clays in the Sans Sault Rapids-Fort Good 
Hope area. Ice types varied from Nf to Ice and Soil, and visible ice 
contents ranged from low (<10Z) to considerable (>20%). In one borehole 
very high water contents were found at depth in samples exhibiting no 
visible ice. In the other boreholes, however, high water contents other 
than in visible ice appeared limited to the upper four metres (13 feet). 


6.1.5.4 Glacial tills above the 5-metre (15-foot) depth and alluvial and 
glaciolacustrine deposits throughout their depths will present serious 
problems of settlement and stability if allowed to thaw. 


6.2 GROUND TEMPERATURES 


Permafrost or perennially frozen ground is defined solely on the basis 
of temperature, and it is not always possible to determine by drilling 
whether the ground is frozen. The presence and extent of permafrost 
sometimes may be defined only by temperature measurements. The engineer- 
ing behaviour of permafrost is not only a function of its temperature 
being at 0 C or less but also of how much lower than 0°C its temperature 
is. This is particularly true of clays where the percentage of unfrozen 
water to total water content changes most rapidly between -2.5 °C and 
OC. It is important, therefore, to know not only that permafrost is 
present but also what are the temperatures and how they vary with time. 
As will be shown later, permafrost is in a non-equilibrium state even 
when undisturbed by man and in order to predict the effects of engineer- 
ing activities, it is essential that present conditions and the ongoing 
processes are understood. 


The factors affecting permafrost are described below and temperature 
records from a number of boreholes in the Fort Good Hope-Norman Wells 
region are discussed in detail. Variations in thermal profiles and 
temperature ranges may be seen as well as responses to climatic changes 
which are present in practically every borehole to a greater or lesser 
degree, depending on the soil type, amount and distribution of moisture 
and vegetation cover. 
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Hee Thermal Considerations 


If the mean annual ground surface temperature were held constant for a 
sufficient length of time so that equilibrium conditions could be 
established, the depth of permafrost would be a function of the mean 
annual ground surface temperature, the heat flow from the earth, and 
the average thermal conductivity of the earth materials. 


For the usual state of a varying mean annual ground surface temperature, 
non-equilibrium conditions prevail and permafrost temperatures, 
particularly in the upper 30 metres (100 feet) constantly are adjusting 
to those variations. The response of the permafrost is a function not 
only of the mean annual ground surface temperature, initial temperature, 
and heat flow from the earth but also of the thermal diffusivity and 
latent heat to be removed or added. In the temperature range of -2.5°C 
to 0 C the most important factor is the latent heat involved in the 
temperature change. 


S252 Climate 


Climate is the principal factor affecting the formation and existence 
of permafrost. Past climate, primarily the climate of several thousands 
of years ago, was responsible for the formation of permafrost. Present 
climate affects the existing permafrost but its effect is modified 
greatly by vegetation. The removal of this vegetation, particularly in 
the Fort Good Hope-Norman Wells area, can cause severe regression of 
permafrost. 


The three main factors of climate which affect the mean annual ground 
surface temperature are mean annual air temperature, snow cover, and 
incident solar radiation. It is the mean annual ground surface 
temperature which controls the aggradation or degradation of permafrost. 


he Tee Terrain Factors 


Vegetation, drainage, and snow cover are the most important terrain 
influences on permafrost; relief, soil and rock type are lesser factors 
affecting permafrost. 


The presence of vegetation assists in the protection of permafrost by: 
(a) providing an insulating cover of moss, (b) restricting the amount 
of solar radiation incident at ground level by tree growth, (c) prevent- 
ing the removal of snow cover by wind, and (d) cooling the ground 
surface in the growing season by evapotranspiration. 


Poor drainage results in the formation of permanent and seasonal ponds 
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and lakes. Depending on location and depth, these ponds and lakes, by 
increased absorption of solar radiation, may lead to the development of 
unfrozen zones beneath them even though they may be frozen to the bottom 
in the winter. 


Snow cover affects heat transfer to theunderlying ground because of 
albedo and insulating qualities. Melting of the snow in the spring, 
however, absorbs considerable amounts of heat. Substantial early snow- 
falls shield the underlying ground from subsequent colder air tempera- 
tures and may result in higher mean annual ground surface temperatures. 
Vegetation helps to prevent removal of snow by wind, thus exposed areas 
tend to be more affected by winter temperatures. 


The three principal aspects of relief affecting permafrost temperatures 
are snow accumulation, slope orientation, and drainage. The effects of 
snow accumulation have been dealt with above. Incoming solar radiation 
on a south-facing slope is greater than on a north-facing slope, which 

tends to cause higher mean annual ground surface temperatures. A well- 
drained slope responds more quickly to changes in temperature as latent 
heat requirements are much less. 


As mentioned in Section 6.2.1, under steady-state conditions for a 
constant heat flow from the earth and a constant mean annual ground 
surface temperature, the thickness of permafrost is governed by the 
thermal conductivity of the soil and rock materials. Near the surface 
where temperature fluctuates during the year and mean annual ground 
surface temperature is not constant, unsteady-state heat flow conditions 
prevail and the response of the earth material is controlled by its 
diffusivity, albedo, and latent heat demand. For the same vegetative 
cover, exposure, etc., the temperatures in theunderlying soils and the 
depth of the active layer are functions of the above parameters. As an 
example, a high water content soil such as a clay generally will have 

a less deep active layer due to the damping effect of the latent heat 
required to produce changes in state. 


Oa2e4 Occurrence of Permafrost 


The Fort Good Hope-Norman Wells area lies well south of the southern 
limit of continuous permafrost, as defined by the Permafrost Map of 
Canada (1967). However, in the boreholes drilled in this area in Lov 
1972, and 1973 and discussed below in this report and elsewhere (Isaacs 
and Code, 1972; Isaacs, 1972, 1973; Heginbottom and Kurfurst, 1973; 
Kurfurst and VanDine, 1973; Kurfurst et al., 1973), in no case was perma- 
frost absent except in disturbed areas and in a recently infilled lake. 
It appears highly probable, therefore, that in this region permafrost 


will be encountered everywhere except in disturbed areas or under lakes 
and rivers. 
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Gezen Thermal Profiles 
6.2.5.1 Fort Good Hope 


In the summer of 1971, four boreholes were drilled with chilled drill- 
ing fluids to depths ranging from 13 to 32 metres (40 feet to 105 feet). 
Multi-thermistor cables were installed in them and temperatures have 
been recorded at monthly intervals since December 1971. As the 
temperatures did not appear to attain equilibrium for several months, 
only the readings from the beginning of 1972 have been used. 


Site DH-1-/1 


This borehole was situated on the east bank of the Mackenzie River 
behind an exposure of considerable reticulated ice in a glaciolacustrine 
deposit of sand, silt, and silty clay. The circulating fluid used in 
the drilling of this borehole was Therminol 55, an impure alkyl-benzene, 
reputedly possessing excellent heat-transfer properties at low 
temperatures. During drilling, it became obvious that Therminol was 

far from ideal as drilling with it proved difficult at temperatures 
close to 0 C (Isaacs and Code, 1972) and its use was discontinued. The 
borehole, however, was left filled with this fluid and it has since 
become apparent that the temperature wave from the ground surface is 
damped out by the fluid; thus, recorded temperatures do not vary much 
from the average temperatures. 


The monthly temperatures for this drill hole (Fig. 5) indicate that the 
depth of permafrost is about 48 metres (160 feet). The projection of 
the thermal profile from depth toward the surface shows that the mean 
annual ground surface, temperature corresponding to this gradient should 
be approximately -2.3 C. 


As the monthly temperatures above the 21-metre (70-foot) depth plotted 
to the right of the projected gradient, themonthly variation in 
temperature of each thermistor was plotted and the mean annual 
temperature for that thermistor obtained. The divergence from the 
thermal profile AB, projected from the readings of the lower thermistors 
(Fig. 6), confirmed that the upper zone of the permafrost was warmer 
than expected. The portion of the curve CD is explained as the result 
of the warming trend occurring in the climate in this part of the 
northern hemisphere prior to 1943 (M.K. Thomas, pers. comm., 1973). 

The section DE similarly can be explained as a result of the cooling 
trend in the climate since 1943, and EF as a result of a local change 
in mean annual ground surface temperature due to a fire in 1969 and 
drilling operations in 1971. The drilling fluid used was Therminol 
which killed and blackened the vegetation in a 6-metre (20-foot) 
diameter circle about the borehole. There is a possibility that a fire 
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in 1967 and possibly an unmapped earlier one have contributed to less- 
ening the effect of the cooling trend shown by DE. The southwestern 
exposure of the site very likely also helped to negate the cooling 
trend. 


Site DH-4-71 


Located in a large area of many small lakes, this borehole intersected 
approximately 1.5 metres (5 feet) of silt and sandoverlying clays of low 
to high plasticity. Considerable quantities of ice (>20Z) were recorded 
over most of the depth. 


Figures 7 and 8 were constructed similarly as for the borehole at DH-1-71. 
The same basic explanations apply for CD, DE, and EF of Figure 8 as 

those for Figure 6. The cooling trend is not very marked in this bore- 
hole, probably due to the lack of trees in the area about thedrill hole. 
Presumably the effect on the mean annual ground surface temperature did 
not become significant until the fire in 1969 and the drilling 

operations in 1971, which are advanced as explanations for EF. 


The wide variance in permafrost depth for almost identical values of B 
(projected mean annual ground surface temperature) partly is due to 
topographic differences and proximity of a large lake but mainly to the 
different thermal characteristics of the soils. This is borne out by 
the apparent greater response to the warming trend at DH-1-71, which 
also has the greater depth of permafrost. 


Site DH-2-71 


Six metres (20 feet) of a predominantly clayey till with low moisture 
contents overlie a shale bedrock as shown in the log of this borehole 
(Appendix 1). Figure 9 applies to this borehole and corresponds to 
Figure 6 of DH-1-71. Warming and cooling trends are pronounced, but 

the magnitude of warming is much less than shown in the previous two 
boreholes, probably because the upper metre (3 feet) of the overburden 
possesses a high moisture content (>100% by weight), mainly in the form 
of ice lenses. Presently an active layer is forming which is nearly one 
metre (3 feet) deep and which contains considerable water due to the 
melting of ice and the poor drainage of this flat-lying terrain. A 
great amount of heat is absorbed in the melting of the ice and as the 
thermal conductivity of water is one quarter that of ice, the amount of 
heat transmitted to the soil below is restricted. Because the till below 
the upper ice-rich zone has very low water contents (<20Z), the thermal 
conductivities and diffusivities are relatively low and responses to 
temperature changes are poor. 


The rapid response to a diminution in the mean annual ground surface 
temperature is rather surprising until it is remembered that the 0 C 
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isotherm could not have penetrated very far in the summer (less than one 
metre) because of latent heat requirements and that once frozen, ice is 
a much better conductor of heat than water is. Moreover, because of 

the openness of the site, snow cover is rarely thick and winter temper- 
atures are not modified to the same extent as at other sites. 


The warming due to the fire and drilling operations is not evident at 
the shallowest thermistor level (less than one metre (3 feet)), probably 
for the same reasons as mentioned above, that is,due to the amount of 
ice near the surface and thinness of the snow cover. 


As the cable was damaged irrepairably below ground surface level in 
January 1973, presumably by the pressure exerted in the formation of 
ice in the drill hole, no further data can be collected from this site. 


Site DH-3-71 


Figure 10 indicates the mean annual temperatures existing in this bore- 
hole. As the thermistors could not be placed in the hole deeper than 
12 metres (40 feet), the depth of permafrost cannot be ascertained with 
accuracy. 


The borehole log (Appendix 1) shows that the upper 6 metres (20 feet) 
consists primarily of about one metre (3 feet) clay overlying approx- 
imately 5 metres (17 feet) of sands and gravels. All void space in 
the sands and gravels appeared to be filled with ice. 


Where there is considerable ice in the form of lenses, visible ice in 
voids, etc. rather than bound in a clayey soil in a form which cannot 

be seen with the naked eye, there will be rapid responses to temperature 
changes due to (a) the relatively high thermal diffusivity of ice and 
(b) the small amount of heat involved in phase change, below approx- 
imately 0°C, unlike a clay where a high percentage of the moisture 
changes phase between -2.5 C and 0 C. 


The mean annual temperature at a depth of 1.5 metres (5 feet) has been 
estimated as the resistance of this thermistor could not be read on the 
majority of occasions. A rapid response to a decreasing temperature 
may be explained similarly, as due to the high thermal diffusivity of 
ace; 


All major changes in mean annual ground surface temperature are reflected 
in the thermal profile (Figure 10) including the increase EF, attributed 
at the other holes to recent fires and the 1971 drilling operation. 

There is no evidence, however, of a recent fire at this site but a 
clearing did exist prior to the 1971 drilling operations. There are 
indications that this clearing was made for exploration drilling in the 
winter of 1970-71 or possibly in the preceding winter. The creation of 
this clearing and its enlargement for the 1971 drilling operations are 
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the probable reasons for the increase in mean annual ground surface 
temperature; this increase in temperature is due to an increase in 
incident solar radiation and to a lack of snow cover diminution because 


of orientation. 
6.2.5.2 Norman Wells 
Sites GL2U and TL 


The borehole at GL2U is on the west side of the Mackenzie River (Fig. 4) 
and consists primarily of a glaciolacustrine deposit of ice-rich organic 
silt of medium plasticity, 1.2 metres (4 feet) thick, overlying elays 
of medium to high plasticity (Appendix 1). Considerable ice was 
encountered below the 5-metre (15-foot) depth. The borehole at TL on 
the east side of the Mackenzie River (Fig. 4) is located about 5 metres 
(15 feet) from a seismic line and approximately 30 metres (100 feet) 
from a shallow lake. It was drilled in a glaciolacustrine deposit 
consisting of about 2 metres (7 feet) of an organic clay of high 
plasticity overlying inorganic clays of medium to high plasticity 
(Appendix 1). Ice lenses, 2 to 5 cm (1 to 2 inches) in thickness, 
occurred at about 30-cm (one-foot) intervals with a 10-cm (4 inch) 
ice-rich layer just below the peat cover. 


The thermal profiles constructed for 1972-73 (Figs. 11 and 12) are very 
similar in that both boreholes appear to have an identical estimated 
thickness of permafrost. The mean annual ground surface temperatures 
obtained from the projections of the lower straight portions of the 
profiles are both close to -2.8 C. The two curves also show the warming 
of the upper permafrost regions, presumably due to the warming trend 
ending in the 1940's. 


Dissimilarities, however, may be noticed; GL2U has not been affected by 
the warming to the same extent or depth, and TL shows no response to 
the cooling of the climate since 1943. 


Reasons for the dissimilarities in the thermal profiles may be as 
follows: 


(a) At GL2U, the very high ice content in the organic silt,in which 

the active layer would be found would require a considerable quantity 
of heat to melt the ice and would restrict heat transmission to the 

soil below. The response to an increase in temperature, therefore, 
would be expected to be less than at TL. 


(b) The lack of respose at TL to the cooling trend in the climate since 
1943 is difficult to explain unless there had been some disturbance to 
this site many years ago during the original clearing for the seismic 
line, which then went unnoticed during clearing for the drilling 
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operations. If this were the case, the soils would have been warmed to a 
greater extent and to a greater depth than at GL2U. As no evidence of 
earlier clearing had been detected, however, this hypothesis presently 

is given litthe weight and the lack of response remains a puzzle. 


Site GLl 


This borehole, situated within about 5 km (3 miles) of TL on the east 
side of the Mackenzie River (Fig. 4), is also in a glaciolacustrine 
deposit. The soils consist of about 3 metres (10 feet) of silty sand 
grading to gravelly sand overlying clays of high to medium plasticity 
(Appendix 1). Ice was not visible in the sands, which varied from 
poorly bonded to well bonded; in the clays ice generally occurred as 
random lenses less than 3 cm (1 inch) thick. 


The thermal profile constructed for this drill hole (Fig. 13) shows 
that permafrost is warmer than at GL2U and TL and appears to be only 
about 35 metres (115 feet) thick. The deviation of the profile from 
its projection at depth generally is not as great as for TL, which 
probably can be explained by the presence of much denser tree growth at 
the GL1 site than at the TL site. The cooling trend since 1943 is 
barely evident, unlike the dramatic reaction to the clearing and 
drilling operations shown by EF. Temperature records (Figs. 7 and 14) 
show how much more responsive soils with low water contents, such as at 
GL1, are to changes in ground surface temperature in contrast to soils 
with high water contents, particularly clays, such as at DH-4-71. 


Site SA 


This borehole (Fig. 4) is located in about 2 metres (7 feet) of ice-rich 
peat, overlying one metre (3 feet) of organic clay and ice, above 1.2 
metres (4 feet) of ice-rich inorganic clay (Appendix 1). Below the next 
2 metres (6 feet) of clayey silt with ice was 4 metres (14 feet) of 
siltstone with clay seams and ice partings and then weathered shale 
grading into soft shale with no visible ice. 


Monitoring of temperatures from July 1972 to the present time has 
indicated that the depth of thaw extends as deep as 1.4 metres (4.5 feet), 
despite the very high ice content in the peat cover. There are, however, 
two reasons for such a deep active layer. Firstly, trees on this site 
are so small and scattered that they have practically no effect on the 
amount of incoming solar radiation; secondly, in the summer there is a 
considerable amount of water covering large areas of the site, particularly 
near the borehole (P.J. Kurfurst, pers. comm., recorded 39 cm (14 inches) 
of water on July 12, 1972). The water surface possesses an albedo and 
insulating qualities different from the peat; the amount of heat absorbed 
by the water is much more than that absorbed by the peat. Due to the 
presence of free water, a considerable depth of thaw in the order of 
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several metres would have been generated except for the very high ice 
content which requires great quantities of heat to melt the ice. 


The kink in the curve (Fig. 15) at the 3-metre (10-foot) depth,DE, may 

be due to the cooling trend since 1943 but if so, the clearing and 

drilling operations in 1972 changed the mean annual ground surface 
temperature to such an extent that the climatic change appears to have been 
all but obscured. 


Below-ground mean temperatures are considerably warmer than in the 

other boreholes although the estimated thickness of permafrost lies 
between that of GL1 and GL2U. Presumably the relatively warm tempera- 
tures are the result of the high moisture contents of the peat and clays 
which, because of the great quantity of latent heat to be removed, have 
prevented the temperatures from becoming as cold as those existing in 
other soils. 


The gradient in the siltstone and shale is similar to that existing in 
the shale at site 7B on the east side of the Mackenzie River (see below). 


Site 7B 


The underlying bedrock of soft shale at this location (Fig. 4) is covered 
by approximately 6.6 metres (22 feet) of till, which grades from a clay 
of highplasticity (3 metres (10 feet) thick) to a silty sand with gravel 
to a clayey, silty sand with gravel (Appendix 1). An ice-type profile 

is not available as this borehole was made primarily by chip drilling. 


The thermal profile (Fig. 16) is similar to the other profiles discussed 
already in that the warming and cooling trends are present. Between the 
6 and 10.5-metre (20-and 35-foot) depths, however, there is a kink in the 
thermal profile towards the warm side. Attempts to explain this 
divergence do not appear warranted at present as a borehole about 9 
metres (30 feet) away revealed that the thickness of till there was 

only 3.3 metres (11 feet). The thickness of permafrost indicated in 
Figure 16 is considered to be less reliable than estimates made for 

other drill holes because of the variation in overburden thickness. 


Sites MV and 7D 


Appendix 1 shows the stratigraphic and physical data for borehole MV. 

This borehole, which is located on the east side of the Mackenzie River 
(Fig. 4), indicates that a predominantly clayey till, 7.5 metres (25 feet) 
thick, overlies the shale bedrock. Because sampling was primarily by 
chip drilling, no ice log could be constructed but the till possessed a 
high ice content (>20%) between the 0.6 and 1.2-metre (2- and 4-foot) 
depths. Thin partings of ice were observed in the few cores which were 
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taken down to a depth of about 30 metres (100 feet). 


Similarly in borehole 7D (Fig. 4 and Appendix 1), about 60 metres (200 
feet) from a large lake, there were 4 metres (15 feet) of a gravelly, 
sand-silt alluvial terrace below 1.2 metres (4 feet) of a silty clay 
deposit with substantial ice at the 0.6-metre (2-foot) depth. The 
underlying bedrock was also shale, weathered in the upper 2.4 metres 
(8 feet). As only chip drilling was done at this site, no logs have 
been constructed. 


The temperature data required for the calculation of the thermal pro- 
files and in situ diffusivities are incomplete as yet; the thickness 

of permafrost at MV is about 37 metres (121 feet) and at 7D is 26 
metres (86 feet). Explanations for differences must await construction 
of the thermal profiles. 


Summary 


The thickness of permafrost is not constant in the Fort Good Hope-Norman 
Wells region. Where soil type, vegetation cover, relief, and moisture 
content are similar, thicknesses of permafrost are similar (sites GL2U 
and TL). Where dissimilarities exist, particularly in near-surface 
conditions, the thicknesses of permafrost vary significantly (sites 

TL and GL1, for example). 


Permafrost temperatures are generally warmer near the surface (upper 10 
or 20 metres (35 to 70 feet)) than at depth due to the climatic warming 
trend up to the 1940's; the response to this warming, however, is a 
function of vegetation cover, soil type, and moisture content. If the 
vegetation cover remains unchanged, the most important factor in the 
response is the amount of moisture present in the near-surface organic 
and mineral deposits. 


Rate of temperature change in permafrost in response to an exterior 
influence is a function of initial temperature, frozen and unfrozen 
water content, thermal conductivity and diffusivity, and hydraulic 
conductivity. The rate of temperature change, in particular the rate 
of thawing, affects the rate of consolidation and development of shear 
strength and hence, settlement and stability. 


The temperature data, which have been used to provide ground temperature 
information also is being utilized to check the predictive capabilities 


of the computer program which was designed to investigate the aggrada- 
tion or degradation of permafrost (Section 6.6). 


6.5 THERMAL CONDUCTIVITIES 


Prediction of the thermal behaviour of permafrost and unfrozen earth 


Sipe | oes 


materials and hence their engineering behaviour requires a knowledge of 
the thermal properties of conductivity and diffusivity. Very little 
data are available linking thermal properties with soil types, water 
contents and temperatures for the terrain units in the Mackenzie Valley 
Transportation Corridor. The data available now are still quite limited, 
but an attempt has been made below to correlate these values of thermal 
conductivities with soil types and to explain the relationships obtained. 


Estimates were made of Atterberg limits, applicable to the thermal 
conductivity samples, based on the grain size distribution of these 
samples and of other samples nearby with similar distributions and known 
limits. From size distribution and Atterberg limits, activities also 


were estimated, 


From the limited data available, five groups have been constructed with 
three to five samples in each group (Appendix II). Other possible 
groupings were tabulated but data points were too few for plotting. 
Plotting of the thermal conductivity values against natural water content 
(see Appendix II) revealed that the relationship was not linear except 
possibly over narrow ranges of moisture content values. Generally, 
thermal conductivity appears to vary abruptly and non-linearly with 
moisture content. One graph of the variation of thermal conductivity 
with water content for the test temperature and a certain soil type 
appears to yield a "saw-tooth" type of curve (see Appendix II, Group B), 
similar in certain respects to a dry density-moisture content curve. As 
the data are insufficient, however, all curves must be considered only 
as indicative of the type of behaviour. 


The reason for this non-linearity of the curves is not known but it is 
suspected that for low moisture contents, most of the water freezes and 
the relationship of conductivity with moisture content is nearly linear. 
As the water content increases, however, a greater percentage of the 
moisture remains unfrozen and the overall thermal conductivity decreases. 
At higher values of moisture content the proportion of mineral soil to 
ice to unfrozen water is such that the thermal conductivity increases 
with increasing moisture content and then decreases. When the moisture 
content becomes very high, the thermal conductivity appears to increase 
linearly but remains below that of ice, indicating that a substantial 
amount of the moisture is in the form of unfrozen water. 


An additional factor affecting the thermal conductivity value may be 
differences in the salinity of the pore water. Whether substantial 
differences exist or whether their effects would be significant is not 
known at present, 


As mentioned before, Kersten (1949) worked with a small number of soil 
types. These soils were compacted in the laboratory at a variety of 
moisture contents, frozen,and then tested. In general, the thermal 
conductivity tests were conducted on samples with relatively low moisture 
contents at various degrees of saturation, and the relationship of 
conductivity with moisture content at constant dry density appears to be 
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essentially linear in this range of moisture contents. Samples of 
permafrost core from the Mackenzie Valley were found to be close to or 

at 100% saturation and therefore Kersten's diagram of the variation of 
thermal conductivity of silt and clay soils at about 25 F with dry 
density and moisture content is more relevant to these samples than his 
other published data. His graph (see Appendix II) indicates that the 
thermal conductivity of these soils, if they are 100% saturated, should 
be nearly constant at about 2.0 + 0.5 W/m°K in the moisture content 

range of say, 19 to 34%. In his conclusions, however, Kersten states 

that "for saturated frozen soils the data indicate no well-defined 
relationship between density and conductivity". The recent values 
obtained from samples of Mackenzie Valley soils show that the relationship 
of thermal conductivity to moisture content is more complex than Kersten's 
graph implies. Moreover, considerable quantities of permafrost exist 
with water contents that are substantially higher than the values 
encountered by Kersten; thus, his data cannot be extrapolated to yield the 
appropriate thermal conductivity values. 


The conclusion of the most immediate significance to the engineer is that 
thermal conductivities of permafrost samples at temperatures about 

-5.5 C are generally less than expected from Kersten's data; values 

ranged from 0.78 to 2.45 W/m°K but with further testing, the overall 

range is expected to expand, that is, lower and higher values will be 
encountered. Much permafrost exists at temperatures warmer than -5.5 C, 
and in the zone of -2.5°C to 0 C, the percentage of unfrozen water is 
much higher and thermal conductivity lower than that obtained at the lower 
temperatures. 


It should be noted that in some groups data have been used from bore- 
holes up to 70 km (40 miles) apart. Boreholes DH-1-71 and DH-4-71 are 

in glaciolacustrine deposits while borehole DH-3-71 is in a similar 
deposit that subsequently has been modified by glaciofluvial action. 
Provided the mineralogical composition does not vary, the relationship 

of thermal conductivity with moisture content does not appear to depend 
on how the sample was formed. Knowledge of the origin, however, may 
assist in understanding the range of thermal values existing in the 
permafrost. For example, borehole DH-2-71 is situated in till over shale. 
As expected, at temperatures around -5.5 C the moisture contents in the 
till below the upper metre (3 feet) or so, which is predominantly ice, 
are very low with correspondingly low thermal conductivity values. 
Because the moisture contents are so low, it is expected that the thermal 
conductivity will remain essentially constant for most temperatures below 


about o°c. 
6.4 THERMAL DIFFUSIVITIES 


For heat transfer calculations dealing with transient conditions, thermal 
diffusivity is a more important parameter than thermal conductivity. . 
For rates of thaw, the amount of latent heat involved is also very signif- 
icant. Diffusivity is a function of conductivity, however, and a 
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variable apparent diffusivity, which differs from true diffusivity in 
that the effect of latent heat is included, may be used in calculating 
rates of thaw. 


Although laboratory values of thermal diffusivity for soils in the 
Mackenzie Valley are not available, it proved possible, as outlined in 
Section 5.3.2, to calculate values of "in situ or apparent diffusivity" 
corresponding to the temperature ranges to which the soil had been 
subjected. It should be clearly understood that these "diffusivities" 
include a latent heat term and in most instances their use should be 
restricted to the temperature ranges from which they were calculated. 
Also they should be treated as preliminary and subject to change. 


Values of "in situ diffusivities" have been calculated for three of 

the Fort Good Hope boreholes (sites DH-2-71, DH-3-71, and DH-4-71) and 
for a number of the Norman Wells boreholes and are shown graphically 

in Appendix II. The importance of the fluid left in the borehole 
surrounding the thermistor cable is demonstrated by the fact that data 
from the borehole at DH-1-71 could not be used in these calculations as 
the Therminol in the borehole damped out the amplitude of the tempera- 
ture wave. 


6.5 VOLUMETRIC SPECIFIC HEATS AND UNFROZEN WATER CONTENTS 


Thermal diffusivities may be calculated from values of thermal conduc- 
tivities if the corresponding volumetric specific heats are known. 
Unfrozen water contents are of interest because they help to explain 
the variations in apparent and true volumetric specific heats as well 
as the anomalous behaviour of permafrost during thawing. To obtain 
volumetric specific heats and unfrozen water contents the laboratory 
calorimetric equipment and technique were developed. 


The results of tests on five samples are included in Appendix II. The 
samples from boreholes GL2U and GL1 have been classified as clays of 
high plasticity (CH) with liquid limits greater than 50%, while the 
sample from DH-1-71 is a fine sand-silt mixture with some clay Qi. 


It should be noted that at temperatures less than about = 2e5 0: changes 
in specific heats and unfrozen water contents are negligible for these 
samples. The major changes to apparent specific heats and unfrozen 
water contents occur between -2.5°C and 0°C. 


Most of the permafrost in the Fort Good Hope-Norman Wells region exists 
at temperatures between -2.5°C and 0°C and as the graphs (Appendix IT) 
indicate that soils with very high percentages of fine-grained materials 
possess considerable moisture in the liquid phase (greater than half of 
the total moisture content in most cases), the effect of high unfrozen 
water contents must be considered in the thermal and engineering 
behavious of these soils, 
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The implications of high unfrozen water contents are serious: 


(a) The rate of thaw will be underestimated greatly if all the moisture 
Present is considered to be in the form of ice at temperatures below 
OnG, 


(b) Movement of water in permafrost must be considered as possible and 
so must its effect on heat transfer (see Section 7.6). 


(c) In some soils, consolidation may begin at temperatures signifi- 
cantly below 0°C, thus preventing the build-up of high excess pore 
pressures. 


6.6 MATHEMATICAL SIMULATION OF AGGRADATION AND DEGRADATION OF 
PERMAFROST 


The aggradation and degradation of permafrost due to climatic changes 
and engineering activities are being simulated mathematically with a 
computer program (TRAMPS - Temperature Analysis of Multi-phase Systems) 
developed by P. Hibbert of the Computer Science Centre, Department of 
Energy, Mines and Resources. An important assumption inherent in the 
program is that heat transfer can occur by conduction only. This 
program has been used in a study of the effects of road construction 
(the Canol Road) on permafrost and some of the results of the 
computations are discussed in Section 7. 


The analysis of the heat flow problem is being carried out using the 
finite element method. There are several examples in the literature 
on the use of this approach with respect to linear cases; because of 
the large computational times involved, however, it has not been 
applied extensively to highly non-linear problems encountered in phase- 
change phenomena. 


Some of the assumptions inherent in the method are as follows: 


(a) Every cross-section is the same as every other cross-section. This 
implies that there is no heat flow parallel to the continuous heat 
source. 


(b) The cross-section being investigated is composed of a large number 
of triangular elements which are interconnected at the nodes or joints. 


(c) Each element may be composed of a different material but the 
material is uniform throughout the area of the element. 


(d) The temperature variation across an element is constrained to being 
linear. 


(e) Specified nodes may be designated as heat sources or sinks by 
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specifying their temperatures, which may be time dependent. 


(f) The latent heat effect does not occur instantaneously at a 
particular temperature but is considered to be part of the specific 
heat and is spread over a small but finite temperature range. 


(g) The variation of thermal conductivity with temperature also is 
taken into account. 


When the network of elements is being constructed, care must be taken to 
ensure that small elements occur in regions of steep changes in the 
thermal gradient so that the temperature profile may be modelled 
adequately. The network also must be large enough in extent so that 
thermal changes will be negligible at the boundaries at the latest times 
investigated. 


The solution of this non-linear problem requires that a large number of 
linear solutions for small time-steps be carried out and accumulated. 
Thus in the limit, the model approaches reality as the time increment 
approaches zero. It is important that the time interval be small 

enough so that each element, as it passes through a phase change, exists 
in the temperature range of the change for a number of time steps so 
that the latent heat may be incorporated fully. 


7h THE CANOL ROAD 
Teed HISTORY 


In the spring of 1942, with the consent of the Canadian Government, the 
United States War Department decided to develop the Norman Wells oil- 
field to produce at least 3,000 barrels of oil per day and to construct 
a pipeline from Norman Wells to Whitehorse on the Alaskan Highway. A 
refinery would be built at Whitehorse to supply gasoline not only to 
users of the highway and planes but primarily to Fairbanks, Alaska. 


As construction was to begin initially from the Norman Wells end, 

an estimated 50,000 tons of freight had to be transported from Edmonton 
by rail, road, water, winter roads, and air. For construction of the 
actual pipeline, a road had to be built not only to carry the construction 
traffic but also to permit year-round maintenance. 


The first Canol Camp was located across the river from Norman Wells on 
the west side of the Mackenzie and acted as a reception area for the 
freight arriving along the river. The civilian camp was fairly small at 
freeze-up in 1942 with a population of only a hundred men, but the Corps 
of Engineers had their own quarters nearby. As work progressed, the 
camp was relocated away from the river on high ground and as the work 
force increased to more than a thousand persons, another larger camp 
was built on even higher ground several miles inland. 
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In the winter of 1942 to 1943, a line was cut by tractor trains operating 
out of Camp Canol, but actual road construction did not get under way 
until May 1943. Generally, wherever it was thought that permafrost 
existed on the right-of-way, which had been cleared of trees, the 
vegetation cover was left as undisturbed as possible, and fill was placed 
on top of this cover. Photographs (Finnie, 1945) indicate that in 

other areas the organic cover was removed, the subgrade shaped, and fill 
placed on it. 


The entire Canol Road was passable to traffic on December 31, 1943 and 
the pipeline was completed on February 16, 1944. In April 1944 the 
first crude oil flowed into the refinery at Whitehorse but operations 
were abandoned later that year, and at the end of World War II, much 
of the equipment and most of the pipe was salvaged. The road has been 
mainly unused since except by seismic parties in the winter. 


Ue EXPECTED EFFECTS OF ROAD CONSTRUCTION 


Tree removal preceded road construction during which about one metre 

(3 feet) of fill was dumped over the organic cover where permafrost 
obviously was present. Because of this, the mean annual surface 
temperature of the Canol Road therefore is greater than the mean annual 
surface temperature of the ground prior to road construction. This is 
due in part to: (a) the increase in incident solar radiation caused by 
removal of the trees, and (b) damage to the organic cover, which 
reduces its insulating capacity by compressing it and eliminates the 
evapotrans piration effect. 


Additional factors mentioned before (Section 2.3) include snow accumula- 
tion, drainage, wind shifts affecting evaporation, and so forth. The 
effect of snow accumulation may be particularly marked for sections of 
the Canol Road which in winter are covered with snow unlike a well- 
travelled road, and hence are insulated from winter temperatures. Poor 
drainage along the sides of the road also may cause ponds to form and 
as incident solar radiation will be absorbed to a greater degree by the 
water in the pond than by the surrounding vegetation, increased thaw 

will occur beneath the water. 


Tee: INVESTIGATION IN 1972 


The 1972 drilling program had a two-fold purpose: (a) to develop a 
winter drilling technique for the recovery of permafrost core, and (b) 
to obtain data and frozen permafrost samples from the various terrain 
units in the Norman Wells area. 


During the program, borehole R-1 (Fig. 4 and Appendix 1) was put down in 
the middle of the Canol Road by air drilling with a Mayhew 1000 truck- 
mounted drill. Below the seasonally frozen crust, no permafrost was 
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encountered within the borehole, which was limited to a depth of 9 
metres (30 feet) as the water-table was found to be at 8 metres (27 feet). 
As subsequent drilling at several undisturbed locations near the road 
revealed permafrost to a depth of at least 9 metres (30 feet) near a 
large lake and to at least 15 metres at locations away from the lake, 
in March of the same year seismic refraction profiling was done by 

J.A. Hunter (Geological Survey of Canada). Interpretation of the 
profiles shot along the centre line of the road showed only seasonal 
frost in the upper few metres. No first arrival high velocities, 
indicative of permafrost at depth, were present. A possible refraction 
from a depth of about 30 metres (100 feet) was observed. 


Naturally, the possibility that road construction could result in such 
great depths of thaw caused considerable concern, and therefore an 
attempt was made to simulate mathematically the thermal regression that 
had occurred since construction of the road. 


hath GEOTHERMAL MODEL STUDIES 


The regression of permafrost beneath this site was simulated with the 
finite element program described in Section 6.6. At the time of 
modelling, information available regarding thermal profiles and thermal 
properties of soils in the Norman Wells region was very scanty; there 
were indications that permafrost temperatures were warmer than expected 
due to recent climatic trends (Isaacs, 1972) and that for the same types 
of soils with the same general topography, drainage, vegetation, and so 
forth, the depths of permafrost at Norman Wells were very similar to 
those in the Fort Good Hope-Sans Sault Rapids region. 


An existing 1972 thermal profile for DH-1-71 was modified and used in the 
computer simulation (Fig. 17). The segment BA of this profile has been 
substituted for segment BEA, as segment BE is thought to be due to 
climatic cooling since construction of the road and segment EA due to a 
recent fire and drilling disturbance. 


As the subgrade at site R-1 consists of a very silty clay with a low 
water content (about 173%), thermal parameters assumed were those used 
by Lachenbruch (1970) for "silt" (Table III). As the grain size and 
moisture content of the road fill did not differ much from those of the 
subgrade, thermal properties that differed only slightly were chosen. 


The road configuration assumed is shown in Figure 18. Beyond the toe of 
the road side-slope the mean annual ground surface temperature was kept 
constant although during construction there would have been some change 
due to right-of-way clearing, and since construction, to climatic change. 
The temperature along the surface of the road side-slope was varied 
linearly from the assumed new mean annual ground surface temperature on 
the road surface to the original mean annual ground surface temperature 
existing at the toe of the slope. 
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The depth of thaw for these calculations has been defined as correspond- 
ing to the 0 C isotherm. The computed depths of thaw beneath the road 
thirty years after construction are shown in Figure 19 as a function 

of assumed increases in mean annual ground surface temperature. Two 
different frozen moisture contents have been assumed. The possible range 
of spring and fall shapes of the thaw bulb are shown in Figure 20 
indicating that configuration is dependent on the ground temperature 
existing at the sides of the road and on the initial thermal profile. 
Removal of or disturbance to the vegetation beyond the shoulders will 
result in increased thaw in those regions and the shape of the upper 
portions of the thaw bulb will be altered. 


Liss DISCUSSION OF 1973 INVESTIGATIONS 


An extensive drilling progam was carried out along the Canol Road in 
March 1973 (Kurfurst and VanDine, 1973) using a truck-mounted B-61 
drill with a continuous flight auger. Drill holes were 15 cm (6 inches) 
in diameter and ranged down to 36 metres (120 feet) in depth. 


Twenty-four holes, ranging in depth from 5 to 36 metres (16 to 120 feet), 
were drilled at five different sites along the Canol Road (Fig. 4) and 
six thermistor cables between 13 and 30 metres (40 and 100 feet) in 
length were installed and are being read at regular intervals to 
provide a continuous record of ground temperatures at various depths. 


Seismic and electical resistivity measurments were made at some of the 
sites in conjunction with the drilling and are described in detail else- 
where (Kurfurst et al., 1973); three of the sites, R-1, GL2U, and HL, 
also are dealt with in greater detail in the same reference. 


Site R-l 


Two more holes were drilled at this site. One hole, 25 metres (83 feet) 
déep drilled on theshoulder of the road, did not encounter frozen 

material other than seasonal frost. The other hole, 25 metres (83 feet) 
to the east of the first and within the original right-of-way clearing, 
was similar throughout its 22-metre (72-foot) depth. The water-table 

was found to be at about 5.5 metres (18 feet). Because of access problems, 
no other holes were drilled at this site. 


Based on the limited data available in this area, a reasonable estimate 
of the increase in mean annual ground surface temperature would be 

8° to 10°C. Figure 19 gives the calculated thaw depths corresponding to 
this increase as about 15 metres (50 feet). Even if the increase in the 
mean annual ground surface temperature is 16 to 20 C, the thaw depths 
should be between 17 and 22 metres (56 and 72 feet). 


Since no permafrost was encountered to a drilling depth of 25 metres 


oat Gee 


(83 feet) at this site, it appears that heat conduction may not be the 
only heat transfer process taking place during thawing of some types of 
frozen soil and that heat transfer by convection of water from the thaw 
zone into the permafrost may be occurring. A tentative explanation of 
how this process may operate is advanced in Section 7.6. 


Site CA 


This site is on the airport built at Camp Canol, on a high ridge 
several miles from the Mackenzie River. Three holes were put down, two 
on the airfield and one on the cleared right-of-way to the northeast 

of the runway. 


Below the seasonally frozen crust, which varied between 1.5 and 2 metres 
(5 and 6.5 feet) in thickness, no permafrost was encountered in the 
boreholes which ranged in depth from 16 to 34 metres (52 to 110 feet). 
The soils were a sandy silt till, 5 to 10 metres (16 to 33 feet) in 
thickness, overlying a silty clay. The water-table appeared to be 
between 11 and 14 metres (36 and 46 feet). Thermistors placed to a 
depth of 30 metres (100 feet) indicated that the soilwas relatively warm 
(temperatures greater that 1°C); the runway appeared to be in excellent 
shape and had been used recently as an airfield. 


Site CCU 


Site CCU is located on the Norman Wells side of the ridge on which the 
third Camp Canol was built. This borehole was drilled to a depth of 

9 metres (29 feet) in the spring of 1972. The soil, a fine sand to 
sandy silt, was logged as unfrozen as water in the drill hole prevented 
advancement. 


Shallow thermistors were installed in hand-augered holes to a maximum 
depth of nearly 6 metres (18 feet) in the summer of 1972 and have been 
monitored since then. Some ice crystals were encountered during the 
augering but appeared to occur only in a half-metre (1.6 foot) thick 
band about 3 metres (10 feet) down. 


In the 1973 drilling program, five holes were drilled across the road 
at this location to depths varying from 17 to 29 metres (55 to 96 feet). 
The boreholes were logged as unfrozen beneath the seasonally frozen 
crust, and water was encountered at depths varying between 3 and 4 
metres (10 and 13 feet). The soil consisted of about 15 metres (50 feet) 
of fine sand to sandy silt overlying 14 metres (46 feet) of clay; bed- 
rock was weathered sandstone. 


Thermistors were installed to a depth of about 24 metres (79 feet) and 
currently are indicating temperatures slightly below o°C at depths 
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beyond 3 metres (10 feet). Permafrost, although very warm, appears to 
be present at depth at this site in contrast to the CA and R-1 sites 

which are located in similar soil. This is probably because this loca- 
tion is very exposed; records of snow depths over the past winter show 


that the snow frequently is removed by wind or is not allowed to 
accumulate as in more protected areas nearby. 


Site GL2U 


Site GL2U (Fig. 4 and Appendix I) is located in a glaciolacustrine silt- 
clay deposit overlying shale. In 1972 a 15-metre (50-foot) borehole was 
put down and a thermistor cable was installed in the permafrost in a 
location covered with black spruce and situated about 15 metres (50 feet) 
to the north of the road. In 1973, five holes (Fig. 21) were drilled 

at this site to depths varying from 5 to 25 metres (16 to 82 feet) as 
shallow seismic profiling in July 1972 indicated that there should be a 
thawed zone about 10 metres (33 feet) deep beneath the road. Three 
holes were drilled on the road which were logged as unfrozen to a depth 
of 3 metres (10 feet) beneath the seasonally frozen crust. Below this 
depth the silty clay was frozen, with the ice content estimated as 
varying from 10 to 35% by volume. The other two holes which were in 
undisturbed areas were frozen throughout. 


A thermistor cable was installed to a depth of about 22 metres (72 feet) 
in the borehole drilled near the centre of the road. Although readings 
may not have stabilized by that date, temperature profiles for April 13, 
1973 for this centre-road location and for the 1972 location north of 
the road are shown in Figure 22. The warming under the road caused by 
the increase in mean annual ground surface temperature is obvious as 
temperatures below the seasonal frost level reach -1 C only at a depth 
of about 12 metres (40 feet) while the corresponding temperatures in the 
undisturbed zone off the road are lower than -2°C. 


The absence of a great depth of thaw at this site was at first surprising, 
particularly as snow records over the 1972-73 winter indicated that the 
site was reasonably protected from the wind. Further analysis of data 
from the 1972 borehole, however, revealed that in the undisturbed perma- 
frost the upper 1.2 metres (3 feet) of peat and organic silt possessed 
moisture contents greater than 100% by weight (Appendix 1). A great 
quantity of heat would be required to melt the ice in these layers 

and the rate of thaw beneath the road would be greatly retarded. 


The thawed zone, interpreted from the seismic profiling as well as from 
DC and VLF resistivity profiles done in 1973, is explained as follows: 
a great deal of the water in the soil beneath the road is unfrozen 

at these relatively warm temperatures; this is shown in Figure 23 where 
the variation with temperature of unfrozen water content, as a percent- 
age of total moisture content, has been plotted for a representative 
sample taken from the borehole in the undisturbed zone. As the 
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proportion of unfrozen water to ice increases, the seismic velocities 
decrease giving rise to anomalies. 


Site HL 


Site HL is located about one kilometre (.5 miles)west of Heart Lake 
(Fig. 4) in fine silt-clay deposits with moderate ice content. The 
underlying bedrock is dense clay-shale with a considerably weathered 
upper zone. 


Nine holes, ranging in depth from 10 to 33 metres (33 to 110 feet), were 
drilled across the road and in nearby disturbed and undisturbed areas 
(Fig. 24). The boreholes through the road (HL-73-2, HL-73-3, HL-73-4, 
HL-73-7), indicated that beneath the seasonally frozen crust, the clay- 
silt and silty clay were thawed throughout the depths of the boreholes 
(13 to 33 metres (43 to 110 feet)). Groundwater was present in all four 
holes at depths from 4 to 5 metres (13 to 16 feet). 


Two holes (HL-73-6 and HL-73-8) were drilled on the right-of-way which 
had been cleared during construction but since had been overgrown. 
Unfrozen soil was found in only one hole, HL-73-8, which was close to 
the road. In an area of trails, which obviously had been much used 
during construction, the soil was logged as unfrozen beneath the frozen 
crust to a depth of 10 metres (33 feet) and as frozen below this 
(HL-73-1). The other two holes (HL-73-5 and HL-73-9) were located in 
vegetation-covered areas on both sides of the road. The hole situated 
in the unburnt zone (HL-73-9) was entirely in frozen material while the 
hole in a recently burnt area (1969) was in frozen ground except for a 
few metres immediately below the seasonal frost. 


Thermistor cables were placed in boreholes HL-73-1 and HL-73-3. The 
readings indicated that the soil beneath the road is thawed completely 
while the soil in the area that was badly disturbed during construction 
and was logged as thawed is at a temperature of just less than OC at 
depths greater than 3 metres (10 feet), Seismic and resistivity 
profiles indicated the thawed zone beneath the road and although both 
seismic and VLF resistivity located the warm zone beneath the trails 
(interpreted as thawed), DC resistivity did not. 


The asymmetry in the shape of the thaw zone under the road is probably 
due to the presence, in most years, of a pond of water about 0.5 metres 
(1.5 feet) deep on the north side of the road. The incident solar 
radiation is absorbed to a greater degree by the water in the pond than 
by the surrounding vegetation and this results in increased thaw beneath 
the water. 
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There may be at least two processes controlling convective heat flow in 
the permafrost. One process has been described by Harlan (1973), which 
he states as analogous to the mechanism of water transport in unsaturated 
soils. In his view, 
",.. a Darcian approach is applied from a hydrologic point of view 
to the mathematical description of the hydrodynamics of fluid 
transport in partially frozen soils. This approach is in sharp 
contrast, at least in the conceptual aspects, to the capillary 
model which has been widely used in studies of frost heaving 
phenomena." 


Harlan considers a thermal gradient in a partially frozen soil as 
analogous to a hydraulic gradient in an unsaturated soil since the 
unfrozen water content appears to be mainly a function of temperature 
(Hoekstra, 1967). Therefore, based on the energy state as expressed by 
Gibbs free energy, 
",.. in a partially frozen soil, migration of water occurs as a 
result of a hydraulic gradient set-up by a decrease in porewater 
pressure at the frozen-unfrozen soil boundary. Provided the conti- 
nuity of the unfrozen water is maintained, the rate of liquid 
transfer should depend on the magnitude of the thermal gradient, 
the temperature of the system and the surface area". (Harlan, 1973). 


In other words, water is attracted to the frozen-unfrozen soil boundary 

of the hydraulic gradient associated with the thermal gradient, but 

since most soils contain some unfrozen water at temperatures below 0 C, 
migration of water also can occur within the frozen zone itself under the 
thermal gradient existing within it. 


In the other process, as the temperature of the permafrost increases, 
some of the ice changes state to water, and with this change of state 
there is an associated negative pore pressure, that is,there is a 
tendency to pull water into the pore spaces where ice has been changed 
to water. 


Another consideration, which may or may not be significant, depending 
on the thermal gradient and quantity of heat transfer, is the contribu- 
tion due to gravity. 


In the case of a thaw zone beneath the road or a hot pipeline, therefore, 
free water in that zone will be drawn into the permafrost immediately 
below where the temperature is at about 0°c. This mobile water is 
itself at or very near to 0°c and cannot contribute much heat to the 
permafrost without undergoing a change of state. By moving into the 
frozen soil beneath the thaw interface, however, it tends to satisfy the 
pressure demands at that point (depending on the hydraulic conductivity) 
and allows water to migrate from there to yet colder permafrost. It is 
this water, migrating from warm permafrost to colder permafrost, that is 
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considered to be the main contributor to convective warming. 


Heat transfer by conduction is the most inefficient of heat transfer 
mechanisms. Heat transfer by convection enables thawing to occur at 
rates several orders of magnitude greater than for cases where heat 
transfer is by conduction only. 


toll CONCLUSIONS 


Construction of the Canol Road and airport has resulted in an increase 
in the mean annual ground surface temperature such that the underlying 
permafrost has been warmed to a considerable extent. In several areas 
this warming has resulted in thaw to great depths. 


Significant visible settlement at the moment appears to be restricted 

to areas with soils, such as peat, which have large water or ice contents 
in the upper few feet and which are very compressible. In certain other 
soils it is felt that the road may be supported by the arching of soil 
across the top of the thaw bulb. Whether such arching would collapse 
under heavy traffic is unknown. 


The model study, based on heat flow by conduction only, predicted 
considerable depths of thaw beneath the road; the drilling at site R-l, 
however, has shown that the model underestimates the depth of thaw. 
Thaw processes in permafrost therefore appear to involve heat transfer 
not only by conduction but also by convection of water near the thaw 
boundary into the permafrost. 


Field results from sites R-1, CA, and HL show a range of shapes of the 
upper portion of the thaw bulb due to disturbance to the vegetation 
beyond the shoulders of the road, to ponding of water by the roadside, 
and probably to different initial thermal regimes and mean annual ground 
surface temperatures. 


8. CONCLUSIONS 


1. Drilling in permafrost for the recovery of frozen core, both in 
summer and winter, now can be very successful due to the development 

of the necessary techniques (Isaacs and Code, 1972; Isaacs, 1973). 
Frozen permafrost core can be brought to the laboratories at Ottawa with 
negligible changes in temperature to the core (Isaacs, 1973). 


2. Glacial tills, alluvial, and glaciolacustrine deposits were found to 
be variable with respect to soil types and consisted of sands, silts, 
clays, or combinations of these. In some instances, glacial tills and 
alluvial deposits also possessed substantial gravel. In the Cidis bioh 
ice contents (>20%) occurred only in the upper 5 metres (16 feet) and 
moisture contents generally were less than 20% (by weight) below this 
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level. Little visible ice occurred below this depth. Alluvial and 
glaciolacustrine deposits, however, can contain considerable ice (>202Z) 
particularly near the surface, and can have moisture contents greater 
than the liquid limits at considerable depths. Serious problems of 
settlement and stability occur if thaw is permitted in the upper 5 
metres (16 feet) of glacial tills and at any depth in alluvial and 
glaciolacustrine deposits. 


3. In the boreholes drilled in the Fort Good Hope-Norman Wells area in 
1971, 1972, and 1973 and discussed in this report and elsewhere (Isaacs 
and Code, 1972; Isaacs, 1972, 1973; Heginbottom and Kurfurst, 1973; 
Kurfurst and VanDine, 1973; Kurfurst et al., 1973), permafrost was found 
in all cases except in disturbed areas and in a recently infilled lake. 
In this area, therefore, permafrost must be expected to be everywhere 
except in disturbed areas and under rivers and lakes. 


4, Mean annual temperature profiles have been plotted for a number of 
boreholes in the Fort Good Hope and Norman Wells areas. Only at depth 
does a linear temperature profile exist in this permafrost; mean 
temperatures in the upper several metres generally are warmer than 
temperatures at depth would imply, apparently due to the last climatic 
warming trend. 


Soils with considerable ice near the surface do not show much tempera- 
ture response to changes in climate or small natural changes in a mean 
annual surface temperature. If the surface is covered with water during 
the summer or if there is a considerable increase in the incident solar 
radiation or decrease in the evapotranspiration effect, ground tempera- 
tures will increase significantly. 


5. From the limited amount of data collected linking thermal conductiv- 
ity to soil types at various moisture contents but at one temperature 
(5.5 'C approximately) ,it appears that thermal conductivity, at least 
for some soils, varies with moisture content in an irregular fashion 
(Appendix II) and not as expected from previous work (Kersten, 1949). 


Thermal conductivity values of permafrost samples at the above tempera- 
ture are low, ranging from 0.78 to 2.45 W/m? K, and as most of the 
permafrost in this area exists at “ohersnasreee lower than the test 
temperature, in situ thermal conductivities are expected to be even lower. 
With further testing, the range of conductivity values is expected to 
increase, that is, lower and higher values will be encountered. 


6. Values of "in situ diffusivity", which incorporate a latent heat 
term and are applicable only to the temperature ranges from which they 
have been calculated, can be derived from the annual temperature wave as 
it progresses into the ground. Such values have been obtained for the 
soils surrounding anumber of boreholes in the Fort Good Hope and Norman 


Wells areas. 


7. Tests to determine volumetric specific heats and unfrozen water 
contents have been made on several samples and not only have provided 
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data for calculation of thermal responses but also have proven that 
soils with high percentages of fine-grained materials possess consider- 
able moisture in, the liquid phase (generally more than half) at tempera- 
tures between -8° and O°C. 


8. A number of conclusions have been drawn from the study of the Canol 
Road (section 7.7) and are summarized here: 


(a) Construction of the road has resulted in:considerable warming of the 
permafrost underlying it because of the increase in mean annual ground 
surface temperature. 


(b) The warming has caused thawing to occur to great depths in places 
along the road (in one case to at least 33 metres (110 feet)). 


(c) The model study, which is based on heat transfer by conduction only, 
predicted considerable depths of thaw beneath the road at a selected 
location (between 15 and 22 metres (50 and 72 feet), depending on 
assumptions made) but drilling has shown that the model underestimated 

the depth of thaw as no permafrost was encountered in the 25-metre (82-foot) 
depth of the borehole. 


(d) Thaw processes in permafrost appear to involve heat transfer not 
only by conduction but also by convection of water near the thaw boundary 
into the permafrost. 


oe IMPLICATIONS AND RECOMMENDATIONS 
Saat IMPLICATIONS 


The study has shown that: 


(a) there is considerable permafrost in the Mackenzie Valley in the 
Fort Good Hope-Norman Wells areas 


(b) this permafrost is significantly warmer than temperatures at depth 
would imply 


(c) considerable ice (>20%) was found in each of the three major terrain 
types investigated 


(d) very high percentages of unfrozen water (>50%2 of the total moisture 
content) may exist in fine-grained soils 


(e) predictions of the rate of thaw based on heat transfer by conduction 
only seriously may underestimate the actual rate. 


The amount of settlement and risk of instability, therefore, is greater 
than was expected before this research was started. 
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On the positive side however is the possibility that, due to the consid- 
erable percentage of unfrozen water present in fine-grained soils, 
consolidation of these soils as the pore pressure dissipates will begin 
at temperatures less than 0°C and excess pore pressures will be less than 
they would have been otherwise. 


The main problem probably will be the generation of excess pore pres- 
sures from thawing of ice lenses. As the thawed soil above the ice lens 
consolidates, its permeability decreases, slowing the escape of the water; 
thus, although there will be a volume decrease on thawing due to phase 
change of the ice to water, there still could be substantial pore pressure 
build-up at a thaw front in an ice lens, causing instability. 


Considerable thaw will be generated by construction of roads over perma- 
frost but the resulting behaviour cannot be predicted as yet. The Canol 
Road, which was the subject of a study, has not carried heavy traffic 
except in the year or so after construction and comparisons of its 
performance, under heavy traffic conditions,may not be valid when made 
with newly constructed roads. If arching of soil across the top of the 
thaw bulb is occurring, sudden subsidence may develop, particularly under 
heavy traffic. 


The shape of the thaw bulb around a hot oil pipeline will be considerably 
different than that below a road (cf. Figs. 20 and 25) and arching cannot 
provide support of the pipeline or soil. 


Althouth no research has been done specifically into the problems 
associated with the operation of a chilled gas pipeline, no data have 
emerged which would indicate that the problems of ice-lens growth, 
freezing and restriction of water flow, or damage to vegetation of the 
active layer will not exist. 


74 RECOMMENDATIONS 


1. As a result of the investigations of three terrain types (glacial 
tills, alluvial, and glaciolacustrine deposits) in the Fort Good Hope- 
Norman Wells area, it is considered inadvisable to bury a hot oil pipe- 
line in the alluvial and glaciolacustrine deposits and in most till 
deposits. Burial of a chilled gas pipeline may be acceptable depending on 
the slope of the ground, time of construction, mode of construction, 
moisture supply, and the time interval between construction and initia- 
tion of gas chilling,however, as sections of the pipeline may be buried 
for three years before start-up, the thawing and possible associated 
settlement and/or failure caused by construction activity must be known 
in more detail before a decision can be made. 


2. Road construction will cause thawing to considerable depths. There is 
a possibility that sudden settlement may occur along certain sections 
of a road, such as the Mackenzie Highway, but while specific areas may 


=) (Aes 


be excluded from such considerations due to the soil/ice types in the 
subgrade, current knowledge is insufficient to allow prediction with 
any certainty where such settlement will occur. The designers of such 
roads should be made conscious of this possibility and should be urged 
to incorporate in the road design and construction a research program 
into ways of limiting the thawing beneath the road. Maintenance crews 
should be told of the potential settlement and encouraged to report all 
settlement observations. 


Loe RESEARCH RECOMMENDED 


1. Additional investigations into the thawed zone beneath the Canol 
Road, beneath roads constructed since, and beneath the Mackenzie Highway 
are necessary to define the rate of thaw and its variance with time, 

soil types, percentage ice, ground temperatures, and changes in mean 
annual ground surface temperatures. Samples will be required for thermal 
and soil classification tests; instrumentation to measure temperatures 
and pore pressures should be installed on sections across existing roads 
as well as before and after the construction of new roads. 


2. Concurrent with the above research, study should begin on methods 
of limiting thaw beneath roads constructed on permafrost. 


3. An intensive study of the variation of thermal conductivity and 
diffusivity with soil type, moisture content, salinity of porewater, 
temperature, and consolidation is required for an understanding of 
thermal processes. 


4. The possibility of a chilled gas pipeline acting as a focus for the 

growth of ice lenses, which may cause a jacking action on the pipeline, 

Squeezing of the pipeline, and a barrier to the groundwater flow, should 
be studied. 


5. The thaw-consolidation-shear strength problem of permafrost has not 
been examined adequately and laboratory investigation into the problem 
should be initiated. Research into the hypothesis that movement of 
moisture into permafrost occurs during thawing should be a part of this 
study. 


6. As clearing of vegetation prior to construction will result in an 
increased thickness of active layer, consideration should be given to 

the idea of partially or gradually clearing the slopes where pipeline 
crossings of rivers are planned, for example, removal of 50 per cent of 
the trees one year, 25 per cent the following year, and so forth. The 
trees left after each partial clearing should aid greatly, by evapo- 
transpiration, in the removal of excess water generated from the increased 
thawing. This method may prevent active layer slides associated with 
removal of or damage to vegetation. 
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The latent heat of fusion of water is defined as the quantity of heat 
required to change a unit quantity of water at 0°C to ice at the 

same temperature. It has been taken in this paper as equal to 79.68 
calories per gram. 


Thermal capacity of a substance at a particular temperature is the 
quantity of heat required to change the temperature of unit mass of the 
substance by one degree. It is expressed in calories per gram per 

degree Centigrade or British Thermal Units per pound per degree Fahrenheit. 


Specific heat of a substance is defined as the ratio of: the thermal 
capacity of the substance to that of water at a chosen standard tempera- 
ture. It is dimensionless and numerically equal to the thermal capacity 
of the substance. 


Volumetric thermal capacity at a particular temperature is defined as 
the amount of heat necessary to change the temperature of unit volume of 
the substance by one degree. It is equal to the product of the thermal 
capacity and the density of the material. In this paper it is also 
referred to as the volumetric specific heat and is expressed as calories 
per cubic centimetre per degree Centigrade. 


Thermal conductivity is the quantity of heat which flows normally across 
a surface of unit area per unit of time and per unit of temperature 
gradient normal to the surface. It has been used with units of calories 
or millicalories per centimetre per second per degree Centigrade or watts 
per metre per degree Kelvin. 


Thermal diffusivity is a measure of the facility with which a substance 
will undergo temperature change and is the quotient of thermal conduc- 
tivity and volumetric thermal capacity. Units used in the paper are 
square centimetres per second. 
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NA LIST OF CONVERSIONS 


1 calorie = 0500397 Bei .Ux 


1 cal/gm °C = IGB eT Ue) Lb 
lcal/em sec °C = 420 Watts/metre “Kelvin 


= 420 W/mK 


Ice-content rating adopted 
In discussing segregated ice in this paper, theamount of ice by volume 
is oftendescribed as being low, moderate, considerable or high. The 
use of those terms generally apply to the following ranges: 
0 - 10Z low 
102 ~ 20Z moderate 


>20Z considerable, high 
Grain-size classification 
The Unified Soil Classification System has been used throughout with 


the additional modification that the 2-micron size was considered to 
be the boundary between silt size and clay size. 
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Table III 


Thermal Parameters Assumed in Model Study 


Thawed 


5.0 


0.006 


Road Fill 

Frozen 
Thermal conductivity 
(mcal per cm sec C Shes) 
Thermal diffusivity 
(cm? per sec) 0.010 
Natural water content 
(per cent dry weight) 16 
Volumetric specific heat 
(cal per em? per =e) 0535 


0.50 


Subgrade 


Frozen Thawed 


5.0 3.4 


O..012 0.006 


0.42 0.57 
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Appendix I 


Stratigraphic and Physical Data 


Date(s) drilled: 


Site description: 


Genetic Classification 
of Overburden: 


Spee 


Drill hole: DH-1-71 


June 16 to June 29, 1971 


The drill site, located on the east bank of the 
Mackenzie River about 50 metres (165 feet) from 
the edge of the bank, was about 15 metres (50 feet) 
above the level of the river and was surrounded 

by deep gullies. The ground was slightly hummocky 
and covered with moss and peat. A fire in recent 
years destroyed the moderately dense timber. 
Drainage was good. 


Glaciolacustrine deposit of silts, sands and 
clays under moderate peat cover. 


Depth Stratigraphic Ice-type Water Content (%) Specilic Gravity Activity Dry Density (gm./é.c.) 


uit) Log LOD urrozen? 1020 30-40-50 60—70=«80s«s23_ dS 25 2672823 OMS sO O8 SB 
| 07 r | ii ICE :- 
poorly -graded grey medium sand hey Nf: ice not visible, poorly bonded 
ee + dark-grey silt and fine sand es] Nbn: ice not visible, well bonded, 
Je 4 no excess ice 
dark-grey inorganic silty clay of low 
all A 7 to medium plasticity ice not visible, well bonded, 
mn excess ice 
ate F = CL-ML: dark-grey clayey silt 
0 | | oog Vx: visible ice less than one inch 
iF 013 + CL-ML—=ML: dark-grey clayey silt grading thick, individual ice inclusions 
db IL 4 Fe to a mixture of silt and 
fine sand Vr: visible ice less than one inch 
40-- r I= 7 thick, random or irregularly 
| ARRAR OL: black and brown mottled organic silt oriented ice formations 
YW 5 A p : ae Vs: visible ice less than one inch 
IS CH: f 
50 Wh Gay HOE Gly Gr lyn plbeatelay = thick, stratified or distinctly 
| oriented ice formations 
f ES Pt: peat 
60 [ ] 
| Lost core 
ae re 4 
Dar [ & | ICE AND. visible ice greater than 
IL | . SOIL ‘one inch thick, ice with 
F 1 soil inclusions 
80+ , 1 UNIFIED SOIL CLASSIFICATION SYSTEM PERMAFROST DESCRIPTION 
ACCORDING TO NRC TECHNICAL 
dL |. 4 MEMORANDUM #79 
40+ F 1 
o wet ow, Atterberg limits + natural water contents ( uncontaminated samples ) 
IL | A 
i ae [ weotog, Atterberg limits + natural water contents ( Therminol - contaminated samples ) 
100 - ah mes : 
+ 
A Water contents from thermal conductivity samples 
i | ® (excess) natural water contents 
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DH-1- 71 STRATIGRAPHIC AND PHYSICAL DATA 


Set Vi 


Drill hole: DH-2-71 


Date(s) drilled: June 30 to July 28, 1971 


Site description: This drill site lay just off the intersection 
of two seismic lines. The ground was very 
hummocky but regionally flat and poorly drained. 
All tree cover had been destroyed in a recent 
hire. 


Genetic Classification 
of Overburden: Glacial till deposit of clays and sandy clays 
over shale. 
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Depth Stratigraphic Ice -type Water Content (%) Specific Gravity Activity Dry Density (gm./c.c.) 
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DH-2-71 STRATIGRAPHIC AND PHYSICAL DATA 


—— 


SM: 


SC: 


CL: 


OL: 


ROCK:.- 


= Shale, dark grey to black 


peat 


dark-brown to grey silty sand with 
some gravel 


brown gravelly sand-clay 


SC-CL: brown gravelly sand-clay of low 


to medium plasticity 


grey gravelly silty clay of low to 
medium plasticity 


mottled yellow-brown organic silt- 
clay of medium plasticity 


UNIFIED SOIL CLASSIFICATION SYSTEM 


We 


aia Atterberg limits + natural water contents 


A Water contents from thermal conductivity samples 


Nf: ice not visible, poorly bonded 


Nbn: ice not visible, well bonded, 


no excess ice 


Nbe: ice not visible, well bonded, 


excess ice 


Vx: visible ice less than one inch 
thick, individual ice inclusions 


Vs: visible ice less than one inch 
thick, stratified or distinctly 
oriented ice formations 


PERMAFROST DESCRIPTION 
ACCORDING TO NRC TECHNICAL 
MEMORANDUM #79 


Date(s) drilled: 


Site Description: 


Genetic Classification 
of Overburden: 


2 86e= 


Drill hole: DH-3-71 


July 20 to 31, 1971l.and August: (2) tow4 31971 


The drill was located in a clearing in a dense 
forest on the slope of a terrace about 2 km (1 mile) 
from the west bank of the Mackenzie River. The 
clearing existed prior to these drilling opera- 
tions and probably dated from the previous winter 
or the one before. The drill site was fairly 

level but shallow gullies criss-crossed the 

slope. Drainage was good. 


Alluvial deposit of clay, sands and gravels over 
clay beneath a thin peat cover. 


Depth Stratigraphic Ice-type Water Content (%) Specific Gravity Activity Ory Density (gm./c.c.) SOIL:- SOIL (cont' 
+/ C.C. nee (cont'd):- 
(tt) Log Log) 2) POC Oh mG OO ; 
1 =i ie = Pt: t SM: dark-brown silty fine sand : ice not visible, well bonded, 
+ BSA og with some gravel no excess ice 
+ 
| GW: dark-brown well-graded grayel-sand ML: dark-brown clayey silty sand <: visible ice less than one inch 
ie | 2 mixture’ with very little fines with some gravel and thick, individual ice inclusion: 
| organic material 
u| GP: dark-brown poorly-graded gravel-sand : visible ice less than one inch 
mixture with very little fines CL: dark-grey (except near the thick, random or irregularly 
L n J P surface where the colour is oriented ice formations 
SP: dark-grey poorly-graded gravelly yellow ssa) ily oy of Pets: 
| sand with negligible fines OW ELOR CCI DAS CILY, = Vs: visible ice less than one inch 
re + es thick, stratified or distinctly 
+ GZ CH: dark-grey silty clay of oriented ice formations 
% | Wp high plasticity PERMAFROST DESCRIPTION 
4 4 ACCORDING TO NRC TECHNICAL 
MEMORANDUM #79 
a UNIFIED SOIL CLASSIFICATION SYSTEM 
L R ft we ihe Atterberg limits + natural water contents 
4 Water contents from thermal conductivity samples 
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DH-3-71 STRATIGRAPHIC AND PHYSICAL DATA 


Sar Oe ae 


Drill hole: DH-4-71 


Date(s) drilled: Aueust 6 ‘coeZhs gL 


Site description: This slightly hummocky area was relatively flat 
with remnants of thin forest that had been de- 
stroyed by a recent fire. The drill was set up 
over an old dried-up bog and was about 100 
metres (330 feet) from a lake with a swampy 
margin. 


Genetic Classification 
of Overburden: Glaciolacustrine deposit of predominantly clay 
overlain by silt and sand. Moderate peat cover. 


Depth Stratigraphic 
(ft) Log 


Ice - type 
Log 
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pues ic e-Soil 


DH-4-71 


fox] 


Water Content (%) 
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STRATIGRA PHIC 


Specific Gravity Activity 
2 2h 85 20 2 BB 02 03 04 O05 06 O07 08 


AND PHYSICAL DATA 


Ory Density (gm./c.c.) 
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+ 
& 
+ L, Ie 
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1213 ee | A LS eee Lee 7 


18 


nN ML: 


CL: 


YW 


YW CH: 


UNIFIED 


peat 


‘ brown silty clayey sand with traces 


of organic material 


mottled, yellow-brown to grey silt 
and very fine sand 


grey inorganic silty clay of low to 
medium plasticity 


grey inorganic clay of high 
plasticity 


SOIL CLASSIFICATION SYSTEM 


ICE :- 

oe 

— Vr : 
Vs: 


ice not visible, well bonded, 
no excess ice 


visible ice less than one inch 
thick, random or irregularly 
oriented ice formations 


visible ice less than one inch 
thick, stratified or distinctly 
oriented ice formations 


ICE AND, visible ice greater than 
SOIL 


“one inch thick, ice with 
soil inclusions 


PERMAFROST DESCRIPTION 
ACCORDING TO NRC TECHNICAL 
MEMORANDUM 779 


we th Atterberg limits + matural water contents ( uncontaminated samples ) 


Uieteasl Atterberg limits + natural water contents ( contaminated samples) 
lp L 


4 Water contents from thermal conductivity samples 


@ (excess) natural water contents 


Date(s) drilled: 


Site description: 


Genetic Classification 
of Overburden: 


- 90 - 


Drill hole: SS-1-71 


August 8 and 9, 1971 


The equipment was located about 70 metres 

(230 feet) from the edge of a large lake in an 
area that had been burnt many years before and 
revegetated with tall grasses in the area of 
the old lakebed. Beyond the lakebed, the area 
was very flat and covered with a coniferous 
forest about 6 to 10 metres (20 t0 33 feet) 
high. The drill site was situated about 

2 metres (6 feet) above the adjacent lakebed 
and had fair drainage. 


Glaciolacustrine plain of clay with substantial 
peat cover. 


Depth Stratigraphic Ice type 
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S| Bt 
GY cu: 
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ROCK 


a Sh: 


UNIFIED SOIL CLASSIFICATION SYSTEM 


dark brown peat with wood 
chips 


dark grey silty clay 
of medium plasticity 


dark grey silty clay 
of high plasticity 


dark grey shale heavily 
weathered becoming less 
weathered with depth 


ICE 


Vr: 


visible ice less than one 
inch thick, random or 
irregularly oriented ice 
formations 


: visible ice less than one 


inch thick, stratified or 
distinctly oriented ice 
formations 


ICE AND visible ice greater 


SOIL: 


than one inch thick, 
ice with soil 
inclusions 


PERMAFROST DESCRIPTION 
ACCORDING TO NRC TECHNICAL 
MEMORANDUM # 79 


+—+—4 Atterberg limits+ natural water contents 


Wp WL 
® 


(excess) natural water contents 


SS-1-71 STRATIGRAPHIC AND PHYSICAL DATA 


Date(s) drilled: 


Site Description: 


Genetic Classification 
of Overburden 


Sey 


Drill hole: SS-2-71 


August 1) andil2 5 1971 


The area was very flat with hummocks up to 80 

cm (30 inches) in height and 1.5 metres (5 feet) 
in diameter. The ground cover consisted of moss, 
sedge, and cowbushes up to 30 cm (12 inches) in 
height as well as scattered coniferous trees. 

The site was poorly drained and surrounded by 
numerous bogs. 


Moraine plain, that is, glacial till, predominant- 
ly clay with substantial peat cover. 


Depth 
(tt) 


Oo- 


20+ 


254 


Stratigraphic 
log 


Ice-type 
Log 


SS-2- 71 


UNFROZEN 


f ice—Soil 


Vx/Vs 


STRATIGRAPHIC AND PHYSICAL 


Water Content ( 
WD 20 80) 20 5 GO 3 DO cO- aD 
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Pt: reddish-brown peat 


OL: organic silty clay with some 
4 fine gravel & sand 


CL: gravelly silty clay from 108 ft. 
getting less gravelly and more 
sandy with depth to 18.0ft. 

From 18 ft. sandy silty clay becoming 
more gravelly with depth. Gravel 
consists predominantly of sandstone 
and shale fragments 


UNIFIED SOIL CLASSIFICATION SYSTEM 


W, W, 
fear ery ATTERBERG LIMITS+NATURAL WATER 
CONTENTS 
8 (EXCESS) NATURAL WATER CONTENTS 


DATA 


7, ,]| Vx: visible ice less than one inch 
° thick, individual ice inclusions 


visible ice less than one inch 
thick, random or irregularly 
oriented ice formations 


= Vs: visible ice less than one inch 
~ thick, stratified or distinctly 
c—| 


oriented ice formations 


Wgees Ice visible ice greater thanone 
ea © | inch thick, ice with soil inclusions 
= 


PERMAFROST DESCRIPTION 
ACCORDING TO NRC TECHNICAL 
MEMORANDUM NO. 79 


Date(s) drilled: 


Site Description: 


Genetic Classification 
of Overburden: 


SOge= 


Drill hole : SS-3-71 


Aueust 13, 1971 


The drill rig was located about 15 metres 

(50 feet) from a seismic line in a burnt forest 
of mainly coniferous trees up to 15 metres 

(50 feet) high. The actual drill site was on a 
5-metre (16-foot) high ridge, which was one 

in a series of approximately the same size. The 
area had been burnt recently and moss or peat 
cover was absent. The ground immediately around 
the machine was quite flat but drainage was 
fairly good. 


Glaciofluvial deposit of gravel, sand and silt. 


95 


Depth Stratigraphic 
gf? L 


O>G- 


P+ 


SOIL 


ES Pie-speat 


HN) GM: gravel-sand-silt mixture, gravel 
being sandstone +siltstone 


AMI ML: light brown clayey silt 


NO PERMAFROST DETECTED 


UNIFIED SOIL CLASSIFICATION SYSTEM 


SS-3-71 STRATIGRAPHIC AND PHYSICAL DATA 


Date(s) drilled: 


Site Description: 


Genetic Classification 
of Overburden: 


Se OGas 


Drill hole: SS-4-71 


August 14 to 16, 1971 


The drill rig was located on one corner of the 
intersection of two seismic lines. It was 
surrounded by a forest of coniferous and deciduous 
trees with a ground cover of thick moss and some 
lichen. Although the area was flat with little 

or no relief and the seismic lines were swampy, 
the drainage at the drill site was quite good. 


Alluvial deposit of clay over glaciolacustrine 
deposit of clay with substantial peat cover. 


vt 


Depth Stratigraphic Ice-type Water Content (3) 
ut a Beg a nee 
0 => = 
: L | | soit ICE 
2 L 1051-4 | Pt: light brown peat Nbe: ice not visible, well bonded 
as excess ice 
| * grey silty clay of low to — . visible ice less than one 
bo [ | medium plasticity, with Vr inch thick, random or 
fine gravel between 8-5! irregularly oriented ice 
4 r 7 and 9-5! formations 
7 eae : ICE AND, visible ice greater than 
L fy 394 a Greys Creanierclayoishigh SOIL, © one’ inch thick,icelwith 
cea soil inclusions 
6 bE 4 
Ice-Soil 422 
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| YY DS Ge | UNIFIED SOIL CLASSIFICATION SYSTEM PERMAFROST DESCRIPTION 
we Yy aS 4 ACCORDING TO NRC TECHNICAL 
YY MEMORANDUM #79 
1g |< | 
Yer A 7 eam Atterberg limits + natural water contents 
Il Yyy Pp L 
I YY Ss 7 @ (excess) natural water contents 
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SS-4-71 STRATIGRAPHIC AND PHYSICAL DATA 


Date(s) drilled: 


Site Description: 


Genetic Classification 
of Overburden: 


= 798 = 


Drill hole: SS-5-71 


Augustol7 boy 2 


The equipment was located over the water-filled 
edge of a raised-centre polygon about 100 metres 
(330 feet) from a lake. The area was very flat, 
poorly drained with many bogs, and had suffered 

a recent fire. It was covered with low scrub and 
brush up to one metre (3 feet) high with a 
coniferous forest of medium density nearby. 


Alluvial deposit of clay over a glaciolacustrine 
deposit of silty sand to silty clayey sand with 
moderate peat cover. 


Depth Stratigraphic Ice-type 


(ft) 
1- 


log log 


Unfrozen 


Vr 


ESSER STAN SN 


\ 
if 


KYA 
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SS-5 -71 


Water Content (%) 
10 20 30 40 50 60 710 


| SOIL 

F===] Pt: dark brown and woody peat 
[UTE] sm: tight grey silty sand 

SC: light grey silty clayey sand 
Gy grey inorganic silty clay 


w to medium plasticity 


UNIFIED SOIL CLASSIFICATION SYSTEM 


——— 
ol — 


Wp Ww) 


@ (excess) natural water contents 


10 20 30 40 50 60 70 


STRATIGRAPHIC AND PHYSICAL DATA 


ICE 


: ice not visible, well bonded, 
excess ice 


Vr: visible ice less than one inch 


thick, random or irregularly 
oriented ice formations 


E== Vs: visible ice less than one inch 
== thick, stratified or distinctly 
oriented ice formations 


= 


PERMAFROST DESCRIPTION 
ACCORDING TO NRC TECHNICAL 
MEMORANDUM #79 


HK—-+— Atterberg limits + natural water contents 


Date(s) drilled: 


Site Description: 


Genetic Classification 
of Overburden: 


- 100 - 


Drill hole: SS-6-71 


August 18, 1971 


The general area was the same as that described 
for SS-5-71 but this hole was drilled in the 
raised centre of the polygon, about 5 metres 
(16 feet) away from SS-5-71. 


Alluvial deposit of clay over a glaciolacustrine 
deposit of silty sand and clay with substantial 
peat cover. 


Depth Stratigraphic Ice-type 


(ft) log 
On 
Unfrozen 
Nbe 
4+ 
Ice— Soil 
B+ 
Non 
a+ 
lo 
Vr 
o+ 


Ld) 


Water Content (%) 
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| 1 
T + 
Iz BP 554 
_ a 
a C) 


STRATIGRAPHIC AND 


FSS Pt: dark brown peat 
CL: gravelly silty inorganic clay 
Ys of low to medium plasticity 


SM: grey silty sand becoming less 
re silty with depth. At 13.2ft.the 
sand becomes coarser and contains 
pebbles 


UNIFIED SOIL CLASSIFICATION 
SYSTEM 


EXCESS NATURAL WATER CONTENTS 


h—+—4 ATTERBERG LIMITS + NATURAL 
WATER CONTENTS 


PHYSICAL DATA 


no excess ice 


e: ice not visible, well bonded, 


excess ice 


PERMAFROST DESCRIPTION 
ACCORDING TO NRC TECHNICAL 
MEMORANDUM NO.79 


ice not visible, well bonded, 


Vr: visible ice less than 1 inch 
thick, random or irregularly 
oriented ice formation 


ICE AND: visible ice greater 


SOIL 


than ] inch thick, ic 
with soil inclusions 


Date(s) drilled: 


Site Description: 


Genetic Classification 
of Overburden: 


= 1027- 


Drill hole: SS-7-71 
August 19, 1971 


The drill was located over the swampy centre of 
a raised-edge polygon amidst a large number of 
similar polygons in a very flat area. On one 
side of this area there was a coniferous forest 
about 15 metres (50 feet) high and to the other 
side about 4 km (2.5 miles) away there was a 
50-metre (165-foot) high ridge. The polygon 
itself was covered with grasses about 70 cm 

(28 inches) high. 


Alluvial deposit of clay and sandy-clay over a 
glaciofluvial deposit of silty fine sand over 
sandstone; substantial peat cover. 


th Stratigraphic Ice-type Water content (%) 
ih tte tae 0 10 20 30 40 50 60 10 
iT Teel _———— a a a a aan 
| ea 
es z SOIL ICE 
eel N 
ly Beats & ii ES] Pt: dark brown peat with : ice not visible, well bonded, 
ees s a decreasing wood content excess ice 
PE and increasing density with 
Ee 556 depth SEZ Vr: visible ice less than one inch 
thick,random or irregularly 
WF} OH: light brown organic clay oriented ice formations 
of high plasticity with a 
L large peat content between 
4' and 5' 
| Miz light brown sandy silt-clay 
PER) SM: dark brown silty fine sand 
with sandstone fragments 
® 
ROCK 
weathered sandstone 


UNIFIED SOIL CLASSIFICATION SYSTEM PERMAFROST DESCRIPTION 
ACCORDING TO NRC TECHNICAL 
MEMORANDUM # 79 


GP aa Atterberg limits +natural water contents 
lp 


® " (excess) natural water contents 
10 20 30 40 50 60 70 


0 
SS-7-71 STRATIGRAPHIC AND PHYSICAL DATA 


Date(s) drilled: 


Site description: 


Genetic Classification 
of Overburden: 


- 104 - 


Drill hole: SS-8-71 


August 20, 1971 


This drill hole was situated on the dry raised 
edge of the polygon in whose centre drill hole 
SS-7-71 was located. The edge was covered with 
scrub and brush as well as some moss. 


Glaciofluvial deposit of silty sand with substan- 
tial peat cover. 


Depth Stratigraphic Ice-type 
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Water Content (%) 
0 10 20 30 40 50 60 


nh Sn = 
E SOIL ICE 


| | | Pt: peat with some sand+chips Vr: visible ice less than one 


of wood and sandstone inch thick, random or 


(HA SM: light brown silty sand with esaeny oriented ice 
the occasional clay pocket Oem Ions 
and gravel after 7' depth 
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UNIFIED SOIL CLASSIFICATION SYSTEM PERMAFROST DESCRIPTION 
ACCORDING TO NRC TECHNICAL 
MEMORANDUM #79 


e+—4 Atterberg limits +natural water contents 
Wp WL 
@ (excess) natural water contents 


STRATIGRAPHIC AND PHYSICAL DATA 


Date(s) drilled: 


Site Description: 


Genetic Classification 
of Overburden: 


- 106 - 


Drill hole: SS-9-71 


August 23 and 24, 1971 


The drill was set up on a 2-metre (7-foot) high 
ridge in the centre of and along the length of 
an old lake bed on Manitou Island. The lake 
bed was 200 metres (660 feet) wide by about 
1,300 metres (4,300 feet) long and was covered 
by grasses about 70 cm (28 inches)high. The 
drill site was well drained. 


Alluvial deposit of silty clay over silty sand 
and sand with silt. 


Depth 
(ft) 


Stratigraphic 
log 0 


at 
“oe * 


oo > 
bo 


NO PERMAFROST DETECTED 


SP-SM 


SS -9-71 
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Water content (%) Specific gravity pH 
25 


10 152025 5 
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303540 
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—— + —— | 
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STRATIGRAPHIC AND 


2:6 7-0 TS 80 85 


PHYSICAL DATA 


SOIL 


GQ, CL: grey brown silty clay of low 


to medium plasticity with 
some organic material 


(AH SM: grey brown silty sand containing 
mica flakes, generally becoming 


less silty with depth 


SP- poorly graded grey brown sand 
SM: with silt 


UNIFIED SOIL CLASSIFICATION SYSTEM 


t+—+—14 Atterberg limits+natural water contents 
Wp We 


Date(s) drilled: 


Site Description: 


Genetic Glassitication 
of Overburden: 


- 108 = 


Drill hole: WD-1-71 


June” LOR On este ee 


The site had very low relief with hummocks up to 
70 cm (28 inches) high, and 1.5 metres (5 feet) 
in diameter, which were covered with moss, 
lichen, and shrubs. The cleared area (65 x 130 
metres (215 by 425 feet)) was surrounded by 5 to 
6-metre (16-to 20-foot) tall trees, but the drill 
site within this area was located near a swamp. 
Drainage was poor. 


Glaciolacustrine deposit of silts and fine sands 
with substantial peat cover. 


Depth Stratigraphic Ice-type 
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Water Content (%) 
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SOIL 


DH ||| OL: mixture of silt and peat 


ill] | ML: silty fine sand with some organic 
material between 6-5' and 7-25! 
becoming siltier with depth 


FAA SM: medium to fine silty sand with 


some fine gravel 


UNIFIED SOIL CLASSIFICATION SYSTEM 


-—+—1 Atterberg limits+natural water contents 
Wp Ww, 
® (excess) natural water contents 


30 40 50 60 
STRATIGRAPHIC AND PHYSICAL DATA 


ICE 


: ice not visible, well bonded, 
no excess ice 


Ve: ice less than one inch thick, 


ice coatings on particles 


: visible ice less than one inch 
thick, random or irregularly 
oriented ice formations 


PERMAFROST DESCRIPTION 
ACCORDING TO NRC TECHNICAL 
MEMORANDUM # 79’ 


- 110 - 


Drill hole: WD-2-71 


Date(s) drilled: June 20 and 26, 1971 


Site Description: The drill was located on the western toe of a 
north-south ridge, which was about 8 to 10 metres 
(26 to 33 feet) high. The coniferous forest on 
the site had been burnt several years previously 
and had not regenerated to any appreciable extent. 
Drainage was fair with no large swamps or bogs 
although there was a lake nearby. 


Genetic. Classification 
of Overburden: Glaciolacustrine deposit of silty fine sand with 
thin peat cover. 
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Depth Stratigraphic 
t Log 


SOIL 


ES Pt: black peat 


TT ML: silty fine sand becoming 
coarser with depth 
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'D-2-71 STRATIGRAPHIC AND PHYSICAL DATA 


Date(s) drilled: 


Site Description: 


Genetic Classification 
of Overburden: 


- 112 - 


Drill hole: WD-3-71 


June 26:ite 29, 1971 


The area was very flat with a low ridge (3 metres 
(10 feet)) about 70 metres (230 feet) north of the 
drill. There were small shrubs up to one metre 

(3 feet) high on hummocks; coniferous growth, which 
had been damaged in a fire many years previously, 
had not regenerated. On the site was a large 

peat bog and a lake and marsh on either side of 

the drill; drainage was poor. 


Glaciolacustrine deposit of silty clay with a 
substantial peat cover. 
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Depth Stratigraphic Ice-type Water content (%) 
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“  WD-3-71 STRATIGRAPHIC AND PHYSICAL DATA 


Date(s) drilled: 


Site description: 


Genetic Classification 
of Overburden: 


SB glivh 


Drill hole: WD-4-71 


Tihy 2oanGeds tLe AL 


There is an elongated east-west ridge immediately 
to the south of a similarly elongated lake. The 
drill site was located 200 metres (655 feet) 
higher in elevation and the lake. Approximately 
25 metres (82 feet) to the west of the drill 
hole was a swamp with about 15 cm (6 inches) of 
water. Small scrawny trees and patches of burnt 
grasses covered the area. Drainage at the site 
was fair. 


Glacial till deposit of clay, shale erratic, and 
sand with moderate peat cover. 


Depth Stratigraphic Ice-type 
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UNIFIED SOIL CLASSIFICATION SYSTEM 


Pt: 


SW: 


CL: 


OH: 


dark brown peat 


dark brown medium to coarse 
sand 


above 10:4' grey black silty 
clay of medium plasticity with 
shale fragments, below 28-6! 
light grey to white inorganic 
clay of medium plasticity with 
seams of calcareous siltstone 


grey brown organic silty clay 
of high plasticity 


weathered shale with seams 

and pockets of low to medium 
plasticity clay and layers of 

calcareous siltstone 


ICE 


KSo Nf: ice not visible, poorly bonded 


NOTE: apparently unfrozen below 7-5' 
but permafrost difficult to 
detect in these soils with this 
drilling method 


PERMAFROST DESCRIPTION 
ACCORDING TO NRC TECHNICAL 
MEMORANDUM #79 


tA Atterberg limits + natural water contents 


Pp 


mw 


STRATIGRAPHIC AND PHYSICAL DATA 


Date(s) drilled: 


Site description: 


Genetic CGassification 
of Overburden: 


- 116 - 


Drill hole: WD-5-71 


Joly Orand i219 7. 


The site was very flat and was covered by hummocks, 
some of which were very large, a medium-dense 
forest, low scrub, moss, and lichen. Drainage was 
fair with a few scattered bogs and an old lakebed 
in the area. 


Glacial till deposit of clayey sand over sand and 
gravels with thin peat cover. 
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Depth Stratigraphic Ice-type Water content (%) 
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SOIL ICE 
ES Pt: dark brown peat pe] Nbn; ice not visible,well bonded, 
no excess ice 

GP: brown coarse sand and gravel <Z4\ Vr: visible ice less than one inch 
= thick, random or irregularly 

SP: brown gravelly coarse sand oriented ice formations 

Yo SC: dark grey clayey sand 

UNIFIED SOIL CLASSIFICATION SYSTEM PERMAFROST DESCRIPTION 


ACCORDING TO NRC TECHNICAL 
MEMORANDUM #79 


-—+— Atterberg limits + natural water contents 
Wp W, 


® (excess) natural water contents 


WD-5-71 STRATIGRAPHIC AND PHYSICAL DATA 


Date(s) drilled: 


Site Description: 


Genetic Classification 
of Overburden: 


- 118 - 


Drill hole: WD-6-71 


July LS andeicy el il 


The actual drill site was fairly flat although 
near the drill there were variations in elevation 
of up to 5 metres (16.5 feet). The drill was 
located in a clearing in a dense forest amidst 

a mixture of woody and non-woody brush, up to 

2.5 metres (8 feet) high, with small areas of 
moss cover. Drainage was fairly good. 


Glaciolacustrine deposit of clay with thin peat 
cover. 
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Depth Stratigraphic Ice-type Water content (%) 


(ft) Log (Oona 0 10 20 30 40 50 
rf UN re ee — 
| SOIL ICE 
a+ L 
| Pt: dark brown peat + moss Eee ICE AND visible ice greater than 
| : SOIL: one inch thick, ice with 
44+ - 4 a 0 
Yl CL: dark grey silty clay of low Sol iaelmstons 
| ‘ to medium plasticity 
67 a 4 
e—I 7) 
8+ i= | al 
10+ + 4 
+ b ——— a) | 
| 
| | 
M+ L al 
6+ L 4 
————_ = 
B+ iE 
| UNIFIED SOIL CLASSIFICATION SYSTEM PERMAFROST DESCRIPTION 
0 L | J ACCORDING TO NRC TECHNICAL 
MEMORANDUM #79 
a+ 
r | -—+—4 Atterberg limits +natural water contents 
Wp We 
ut ® (excess) natural water contents 


WD-6-71 STRATIGRAPHIC AND PHYSICAL DATA 


Date(s) drilled: 


Site description: 


Genetic Classification 
of Overburden: 


= t2Z0).-— 


Drill hole: WD-7-71 


July 14 and 21, 1971 


The drill site was in a green, unburnt area 
covered by coniferous trees, 2 to 10 metres 
( 6 to 33 feet) in height. The ground was 
fairly flat and covered by mosses and grasses. 


Glaciolacustrine deposit of sands over clays 
with a thin peat cover. 
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Depth Stratigraphic Ice-type Water content (%) 
(ft) Log Log 0 10 20 30 40 50 60 
0 UNFROZEN 
Pr 
LY 
Ye SOIL ICE 
2 WM 
es Pt: black peat Nbn: ice not visible, well bonded, 
44 no excess ice 
SM: silty fi d ; 
MT Brownell Yann zean Ree Vx: visible ice less than one inch 
: thick, individual ice inclusions 
GG, SC: brown clayey silty fine sand : 
Z=s\| Vr: visible ice less than one inch 
GW CL: grey silty inorganic clay of eee eneeee de ceuaerad 
low to medium plasticity Cea CE MaLlons 
OH: grey organic clay of high 
rs plasticity 


NAAN 


Dy 


4 
LAL 
EP UNIFIED SOIL CLASSIFICATION SYSTEM- PERMAFROST DESCRIPTION 
ACCORDING TO NRC TECHNICAL 
> MEMORANDUM #79 
‘eae + +41 
oy +—+—1 Atterberg limits + natural water contents 
Se Wp We 
a ® Excess natural water contents 
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— 
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20 30 40 50 60 


WD-7-71 STRATIGRAPHIC AND PHYSICAL DATA 


Date(s) drilled: 


Site Description: 


Genetic Classification 
of Overburden: 
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Drill hole: WD-8-71 


July 24 ando25,72971 


The drill site was on a hummocky knoll covered 
with grasses, and was about 3 metres (10 feet) 
higher than an adjacent swamp that bordered on a 
lake. The trees in the area were 10 to 15 metres 
(33 to 50 feet) in height but had suffered 
considerable fire damage in recent years. 
Drainage was good. 


Galaciolacustrine deposit of silts and clays with 
thin peat cover. 
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h -type Water Content (%) 
ay acer ‘i Te: 0 10 20 30 40 
A a 
f SOIL ICE 
a7 = Pt: peat ea Nf: ice not visible,poorly bonded 
4+ or ML: grey to pale brown fine sandy Reed Nbn: ice not visible, well bonded, 
CM silt be no excess ice 
6+ Uf CL: between 9-0' and 11:5' grey ~~ | Vr: visible ice less than one inch 
: silty clay with some organic = thick, random or irregularly 
matter. From 15-4! grey sandy oriented ice formations 
s+ | silty clay 
meq ICE AND visible ice greater than 
Pa OL: dark brown organic silt eee §=9SOIL one inch thick,ice with 
10+ vaame soil inclusions 
Ss ne 
as Vr 
ay = 
i> Ly 
La UNIFIED SOIL CLASSIFICATION SYSTEM PERMAFROST DESCRIPTION 
6+ ne ACCORDING TO NRC TECHNICAL 
a MEMORANDUM # 79 
B+ OH} aa 
E -—+—4 Atterberg limits + natural water contents 
a Wp Ww 
Ny [DZ 
a 
ae 
a be 
—— eee ee 


WD-8-71 STRATIGRAPHIC AND PHYSICAL DATA 


Date(s) drilled: 


Site Description: 


Genetic Classification 
of Overburden: 


Bayi ee 


Drill hole: WD-9-71 


July 26n sande chet 


The drill was located at the intersection of two 
seismic lines on very flat ground with poor 
drainage and local water-filled depression along 
the lines. Adjacent to the seismic lines, the 
ground was slightly hummocky and grass covered. 
Trees 3 to 6 metres (10 to 20 feet) in height 
had been burnt by fire in recent years. 


Glaciolacustrine deposit of sandy silty clay, 
over silty clay, under thin peat cover. 


125 


Depth Stratigraphic Ice-type Water content (%) 
(ft) Log Log 10 20 30 40 50 


7 eh 4 
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dark brown burnt peat ICE AND visible ice greater than 
© SOIL: one inch thick, ice with 
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UNIFIED SOIL CLASSIFICATION SYSTEM PERMAFROST DESCRIPTION 


ACCORDING TO NRC TECHNICAL 
4 MEMORANDUM #79 


-—+—4 Atterberg limits + natural water contents 
rn) Wp WL 


= 


@ (excess) natural water contents 
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WD-9-71 STRATIGRAPHIC AND PHYSICAL DATA 


Date(s) drilled: 


Site Description: 


Genetic Classification 
of Overburden: 


- 126 - 


Drill hole: WD-10-71 


July=28: and Augus€ 251774 


The area was very flat and covered with a sparse 
coniferous growth which had been burnt several 
years previously. The ground was hummocky and 

was covered with lichen and very low scrub. 
Although there was a lake 40 metres (130 feet) fro 
the drill site, the drainage was quite good. 


Glaciolacustrine deposit of clays under a 
substantial peat cover. 
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h Strat hic Ice-t Water content  (%) 
ea bes 10 20 30 40 50 60 70 
tr 
SOIL ICE 
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aces | : grey inorganic clay of hig’ =< <| Vr: visible ice less than one inch 
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a 
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MY ee 
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é) Wp Ww. 
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WD-10-71 STRATIGRAPHIC AND PHYSICAL DATA 


Date(s) drilled: 


Site Description: 


Genetic Glassification 
of Overburden: 


- 128 - 


Drill hole: WD-11-71 


August 3 and 6, 1971 


The site was very flat and consisted of small 
burnt areas and swampy zones. The drill was 
located on the edge of a swampy area covered 
with long grasses and some low scrub. Drainage 
was poor. 


Glacial till deposit of sands and sandy clays 
under moderate peat cover. 
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Depth Stratigraphic Ice -type Water Content _ (%) 
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WD-11-71 


: dark brown peat 


: gravel—sand-silt mixture 
with some clay 


: gravel-sand-clay mixture 


: golden brown silty sand 
with some organic material 


: clayey sand with some 
gravel 


ih CL- sandy silty clay with some 
ML: gravel 


UNIFIED SOIL CLASSIFICATION SYSTEM 


ICE 


Nbn: ice not visible, well bonded, 
no excess ice 


visible ice less than one inch 
thick, random or irregularly 
oriented ice formations 


PERMAFROST DESCRIPTION 
ACCORDING TO NRC TECHNICAL 
MEMORANDUM # 79 


t—+—i Atterberg limits+ natural water contents 


Wp WwW. 


@ (excess) natural water contents 


STRATIGRAPHIC AND PHYSICAL DATA 


Date(s) drilled: 


Site description: 


Genetic Classification 
of Overburden: 


<< 130-= 


Drill hole: Gil 


Mareh 27,26 eand “Aprid= 15 ,0.19772 


This drill site was located in a dense forest of 
black spruce about 15 metres (50 feet) to the 
west of the CNT line. The ground sloped slightly 
toward the line and was well drained. 


Glaciolacustrine deposit of sand over clay with a 
thin peat cover. 
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Depth Stratigraphic Ice -type Water Content (%) Specific Gravity Activity 
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16 SO/L:- ICE :- 


Nf: ice not visible, poorly bonded 


SP: grey poorly- graded gravelly 
sand 


[GUIS] Sas es Ch yam oat 


¥Y CL: grey inorganic clay of low to 
Oa medium plasticity 


7 CH: grey inorganic clay of high 
@ plasticity 


Nbn: ice not visible,well bonded, no 
excess ice 


Vr: visible ice less than one inch thick, 
random or irregularly oriented 
ice formations 


A) ET Md 


Vx: visible ice less than one inch thick, 
individual ice inclusions 


wae 
wae 
Na 


LE] grey inorganic clay of medium to 
high plasticity PERMAFROST DESCRIPTION 
ACCORDING TO NRC TECHNICAL 
UNIFIED SOIL CLASSIFICATION SYSTEM MEMORANDUM #79 


————F 


Wp w, Atterberg limits + natural water contents 
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Dri) holes. fh 


Date(s) drilled: March 26, 1972 


Site description: This site, on the east side of the Mackenzie 
River, was located about 5 metres (16.5 feet) from a 
seismic line and about 30 metres (100 feet) from 
a shallow lake. The area was vegetated with a 
fairly dense forest of dwarf black spruce. 
Drainage was fairly good. 


Genetic Classification 
of Overburden: Glaciolacustrine deposit of clays below a thin 
peat cover. 
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Depth Stratigraphic Ice-type Water Content (%) Specific Gravily Activity Dry Density (gm./c.c. ) 
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TL STRATIGRAPHIC AND PHYSICAL DATA 


Date(s) drilled: 


Site description: 


Genetic Classification 
of Overburden: 
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Drill hole: MV 


Mareh, 25,1972 


The drill hole was located about 7 metres (23 

feet) from a line that had been cleared recently 
by others. The vegetation was mainly black 

spruce, 5 to 6 metres (16.5 to 20 feet) tall 

and fairly closely spaced, and moss cover thickness 
varied greatly within short distances. Drainage 
was fair. 


Glacial till deposit of sandy silt and clays with 
variable peat cover. 
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Depth Stratigraphic Water Content (%) Specific Gravity Activity Ory Density ( gm,/c.c.) 
u 
(ft) "9 0 10 20 30 40 50 60 70 80 90 100 23 4 2 26 2 28 04 «(05 «206 §=67 S08 K) ay ail Pe pe 
0 : 
ltl 
SO/L ROCK :- 

Tiii} OL: organic silty till of low = ; 4 

5 HEN Y meetcien -———}_ Sh: blue-grey shale 
- CL: brown inorganic silty clayey till 
QU with pebbles, low to medium 

; plasticity 

10 

) MH: brown inorganic clayey till of 
high plasticity 
1 ML: brown inorganic silty sandy till 
with slight plasticity 

CH CH: grey inorganic clay of high 

0+ 7A, plasticity, sand and gravel present 
UNIFIED SOIL CLASSIFICATION SYSTEM 

25 
Ye 4 Yt Atterberg limits + natural water contents 

(predominantly chip samples) 
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MV STRATIGRAPHIC AND PHYSICAL DATA 


0 10 2 30 40 SO 60 70 8 90 100 


Date(s) drilled: 


Site description: 


Genetic Classification 
of Overburden: 


= 5 0n= 


Drill hole: GL2U 


Apri 8 “and 971972 


This drill site was an undisturbed area of fairly 
dense black spruce. The drill hole was located 
about 15 metres (50 feet) to the north of the 
Canol Road between the road and an old cut line. 


Glaciolacustrine deposit of silt over clay under 
a thin cover of peat. 
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Pt: brown peat, highly organic 
material 
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GL2U STRATIGRAPHIC AND PHYSICAL DATA 


silt clays of low plasticity 


plasticity 


CL: blue-grey inorganic clay of low to 
medium plasticity 


HH 
GZ CH: blue-grey inorganic clay of high 


UNIFIED SOIL CLASSIFICATION SYSTEM 


1.87 
ua Atterberg limits + natural water 
* contents 


® (excess) natural water contents 


ICE -- 
iaaeea Nbn: ice not visible, well bonded, 

aoa no excess ice 
=r Nbe: ice not visible, well bonded, 
Al excess ice 

Vr: visible ice less than one inch 
Ley 
KA thick, random or irregularly 
oriented ice formations 

A Vx : visible ice less than one inch 

a. thick, individual ice 


inclusions 


Vs : visible ice less than one inch 
thick,stratified or distinctly 
oriented ice formations 


—< ICE AND. visible ice greater than 


a SOIL © one inch thick, ice with 
soil inclusions 


PERMAFROST DESCRIPTION 
ACCORDING TO NRC TECHNICAL 
MEMORANDUM#79 


Date(s) drilled: 


Site description: 


Genetic Classification 
of Overburden: 
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DritinoLe:, accu 


April 2, 1972 


This site consisted of a clear area on a slope 
just to the east of the main Canol Camp. There 
was no ground cover and only a scattering of 
willow shrubs. 


Glaciolacustrine deposit of sand. 


Depth 
(It) 


rk) 


Stratigraphic Water Content (%) 
Log 


SOIL -- 
IA ML: light brown inorganic fine 


sand 


ne SM: grey-brown silty sand 


UNIFIED SOIL CLASSIFICATION SYSTEM 


wo Atterberg limits + natural water 
contents (chip samples ) 


CCU STRATIGRAPHIC AND PHYSICAL 


DATA 


Date(s) of drilling: 


Site description: 


Genetic Classification 
of overburden: 


= 140us 


Drill hole: R-1l 


April 4, 1972 


This drill hole was located in the centre of the 
Canol Road, approximately 2 km (1 mile) from 

its junction with Heart Lake. The previously 
cleared areas on either side of the road were 
overgrown with tall willows but the road surface 
itself was clear of vegetation. 


Silty clay fill over compressed peat and glacial 
till, the latter consisting of silty clay with 
some silt and gravel. 


141 


Depth Stratigraphic Water Content (%) Activity 


(tt) 5o9 0 10 2 30 40 50 


| 


20-¢ 


30 
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UNIFIED 


e+ 


: highly organic material 


CL: 


brown to dark grey sandy silty 
clay of low to medium plasticity 


brown clayey silty sand, with 
some gravel 


SOIL CLASSIFICATION SYSTEM 


Wp Ww Atterberg limits + natural water 
contents ( chip samples) 


Rl STRATIGRAPHIC AND PHYSICAL DATA 


Date(s) drilled: 


Site description: 


Genetic Classification 
of Overburden: 


BW 


Drilt hote: = SA 


April 4 and 11, 1972 


The area was a hummocky fenland with scattered 
trees. The site was located about 30 metres 

(100 feet) from the Canol Road; this area, 
including the road, was about 2 to 3 metres 

(6.5 to 10 feet) lower in elevation than the 
adjacent ground that was not fenland. The area was 
poorly drained and in summer there was considerable 
standing water. 


Glaciolacustrine deposit of silts and clays over 
siltstone and shale; substantial peat cover. 
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40 


Stratigraphic Ice-type 
Log 


Log 
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Water Content (%) Specific Gravity 
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STRATIGRAPHIC AND PHYSICAL DATA 


Dry Density (giné.c) 


01 


02 


ae sone ROCK :- 
‘scosseces| < e . Slsn: siltst ith ional 
E=== Pt: highly organic material (Sea 2 ae See a ag 
% OH: dark organic clay of medium to ane : A 
+), G Y, high plasticity = Sh: cee calcareous 
‘Wy CL: inorganic clay of low to 
Ou medium plasticity 
(im ML: clayey silts with slight 
plasticity 
UNIFIED SOIL CLASSIFICATION SYSTEM 
wot Atterberg limits + natural water contents ( chip samples ) 
ip We 
04 «(05 


ICE: - 
=~) Nbe: ice not visible, well bonded, 
ZI excess ice 


Vr: visible ice less than one inch 


thick, random or irregularly 


oriented ice formations 


visible ice less than one inch 
thick, stratified or distinctly 
oriented ice formations 


PERMAFROST DESCRIPTION 
ACCORDING TO NRC TECHNICAL 
MEMORANDUM #79 


Date(s) drilled: 


Site description: 


Genetic Classification 
of Overburden: 


Berane 


Driil holes) sp 


April 3, 1972 


A clearing was made 6 metres (20 feet) off the 
existing Canol Road by removing the low scrub. 
This drill site was located about 50 metres 

(165 feet) from Heart Lake on fairly level ground 
with good drainage. 


Glacial till over shale beneath a substantial 
cover of peat. 
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SOIL 


27 =| Pt: peat 
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4 
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Hillou cloyeywith depth to 9.5, then 

1! stoney beyond this depth 
6 ti y bey Pp 


UNIFIED SOIL CLASSIFICATION SYSTEM 


ROCK 
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Wwe We 


ef +—4{ Atterberg limits +natural water contents 
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SD-STRATIGRAPHIC AND PHYSICAL DATA 


Date(s) drilled: 


Site description: 


Genetic Classification 
of Overburden: 


- 146 - 


Dri holes) 7D 


April 14, 1972 


The-drill. site: was located just off thesmincer— 
section of two cut lines and about 70 metres 
(230 feet) from a large lake. Vegetation was 
dense, predominantly black spruce, and drainage 
was good. 


Alluvial deposit of gravel and sand over shale 
beneath a thin peat cover. 
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UNIFIEO SOIL CLASSIFICATION SYSTEM 
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70-STRATIGRAPHIC AND PHYSICAL DATA 


Date(s) drilled: 


Site description: 


Genetic Classification 
of Overburden: 


a4 


Drill holes 775 


March. 20 and 24, 1972 


This drill hole was located on a slope to the 
east of the CNT line and about 5 metres (16.5 
feet) to the north of an old seismic line. The 
area was covered with a medium-dense growth of 
dwarf black spruce. Drainage was good. 


Glacial till deposit of clay over sand over shale 
under a thin peat cover. 
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7B-STRATIGRAPHIC AND PHYSICAL DATA 
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SOIL 


=a Pt:peot 
CH: light brown grading to grey inorganic clay 
ZA of high plasticity with some gravel 


SM: dark grey sand and silt 
with some gravel 


SM-—SC: dark grey clayey sand and silt 
with some gravel 


UNIFIED SOIL CLASSIFICATION SYSTEM 


ROCK 


= Sh:soft grey-black shale 


We, NU atterberg limits +natural water contents 


(chip samples) 
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Appendix II 


Thermal conductivity vs. moisture content 
In situ thermal diffusivities 


Calorimetric test results 
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peat =| Shale, dark grey to black 
Fees SM: dark-brown to grey silty sand with 
i a some gravel 


SC: brown gravelly sand-clay 


SC-CL: brown gravelly sand-clay of low 
to medium plasticity 


GF CL: grey gravelly silty clay of low to 
medium plasticity 


OL* mottled yellow-brown organic silt- 
clay of medium plasticity 


UNIFIED SOIL CLASSIFICATION SYSTEM 


Nf: ice not visible, poorly bonded 


ae Nbn: ice not visible, well bonded, 


no excess ice 


Nbe: ice not visible, well bonded, 
excess ice 


Vx: visible ice less than one inch 
thick, individual ice inclusions 


Vs: visible ice less than one inch 
thick, stratified or distinctly 
oriented ice formations 
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GEOLOGICAL AND THERMAL DATA 


.... SOIL (cont'd):- 


peat 


dark-brown well-graded gravel-sand 
mixture’ with very little fines 


dark-brown poorly-graded gravel-sand 
mixture with very little fines 


dark-grey poorly-graded gravelly 
sand with negligible fines 


SOIL CLASSIFICATION SYSTEM 


SM: 


i ML: 


CH: 


dark-brown silty fine sand 
with some gravel 


dark-brown clayey silty sand 
with some gravel and 
organic material 


dark- grey (except near the 
surface where the colour is 
yellow brown) silty clay of 
low to medium plasticity 


dark-grey silty clay of 
high plasticity 


: ice not visible, well bonded, 
no excess ice 


: ice not visible, well bonded, 
excess ice 


: visible ice less than one inck 
thick, individual ice inclusion 


Vr: visible ice less than one incl 
thick, random or irregularly 
oriented ice formations 

—— Vs: visible ice less than one incl 
—_ thick, stratified or distinctly 
— 


oriented ice formations 
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: grey inorganic silty clay of low to 


CH: 


UNIFIED 


peat 


brown silty clayey sand with traces 
of organic material 


mottled, yellow-brown to grey silt 
and very fine sand 


medium plasticity 


grey inorganic clay of high 
plasticity 


SOIL CLASSIFICATION SYSTEM 


Vr: 


= Vs: 


ICE :- 
Nbn: 
— 


ice not visible, well bonded, 
no excess ice 


visible ice less than one inch 
thick, random or irregularly 
oriented ice formations 


visible ice less than one inch 
thick, stratified or distinctly 
oriented ice formations 


ICE AND. visible ice greater than 
SOIL 


“one inch thick, ice with 
soil inclusions 
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ACCORDING TO NRC TECHNICAL 
MEMORANDUM #79 


Depth 
(I) 


Stratigraphic 
Log 


Ice-ltype 
Log 


Bottom of 
cored hole 


Nf 


UNFROZEN 


TEMPERATURE (°C) 


ail () Pil six 


THERMAL PROFILE 
(1972-73) 


GL1 GEOLOGICAL AND THERMAL DATA 


10 


20 


30 


40 


50 


"IN SITU THERMAL DIFFUSIVITY’ (cm2/sec.) 
6 § 0 12 


— L 


o 
coe 
Ss 
S 


Ey 


ETE) “se 
ZB” 


LZ. CH: 
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: highly organic material 


grey poorly- graded gravelly 
sand 


: brown to grey fine to silty sand 
with traces of organic material 


grey inorganic clay of low to 
medium plasticity 


grey inorganic clay of high 
plasticity 


grey inorganic clay of medium to 
high plasticity 


fs DM LT We 


Nf: 


Nbn: 


Vx: 


ice not visible, poorly bonded 


ice not visible, well bonded, no 
excess ice 


visible ice less than one inch thick 
random or irregularly oriented 
ice formations 


visible ice less than one inch thick 
individual ice inclusions 
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Nbn: ice not visible, well bonded, 
no excess ice 


ee = ICE: 

| Pt: highly organic material Eas 
to high plasticity Vr: visible ice less than one inch 
ZA thick, random or irregularly 
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—-— — 


THERMAL PROFILE 


(1972-73) 
10 YL. OH: blue- grey organic clay of medium 
l CH: blue-grey inorganic clay of high Onented Bice pocma lors 
F TEMPERATURES(1972-73) Lk 20 Z\ plasticity 


ICE AND _ visible ice greater than 
SOIL ~* one inch thick, ice with 


UW CL: blue-grey inorganic clay of low to eciihinclacions 
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medium plasticity 


UNIFIED SOIL CLASSIFICATION SYSTEM PERMAFROST DESCRIPTION 
ACCORDING TO NRC TECHNICAL 
MEMORANDUM #79 
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eS Pt: brown peat, highly organic Nbn: ice not visible, well bonded, 
ir material no excess ice 
0 al 10 IL, ARGH OL: brown organic silts and organic 
silt clays of low plasticity Mae Nbe: ice not visible, well bonded, 
as excess ice 
[ 7 CH: blue-grey inorganic clay of high 
YA plasticity Bh Bet c z 
0 aS TEOPILIS L 20 L ay Vr: visible ice less than one inch 
(1972-73) ACA thick, random or irregularly 
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30 | 30 r UNIFIED SOIL CLASSIFICATION SYSTEM thick, individual ice 
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GG OH: 
Gy, CL: 
ANA ML: 


highly organic material 


dark organic clay of medium to 
high plasticity 


inorganic clay of low to 
medium plasticity 


clayey silts with slight 
plasticity 


ROCK = - 


(| Slsn: 
— Sh: 


siltstone with occasional 
clay and ice layers 


shale with calcareous 
seams 


ICE: - 
Nbe: ice not visible, well bonded, 
excess ice 
= Vr: visible ice less than one inch 
thick, random or irregularly 
oriented ice formations 
Vs: visible ice less than one inch 


thick, stratified or distinctly 
oriented ice formations 


UNIFIED SOIL CLASSIFICATION SYSTEM 


PERMAFROST DESCRIPTION 
ACCORDING TO NRC TECHNICAL 
MEMORANDUM #79 
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true volumetric specific heat 


unfrozen water content as percentage of 


unfrozen water content as percentage of 


cumulative volumetric heat 


cumulative volumetric latent heat 
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